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With weak sources of gamma-rays, ionization currents in air were measured at pressures 
between 20 and 200 atmospheres with collecting fields varied from less than 1 volt/cm to 4500 
volts/cm. At all pressures, ionization currents were found to continue increasing with increase 
of collecting field intensity throughout the range employed. The ionization current measured 
with a particular collecting field intensity does not continue to increase with pressure but has a 
maximum value in the neighborhood of 140 atmospheres. Rates of collection of negative ions 
were found under all conditions to be greater than rates of collection of positive ions under the 


same conditions. 





ECENT and current detection of cosmic 
radiation by the high pressure ionization 
method must be interpreted in terms of meager 
knowledge of high pressure ionization phenomena. 
A study of these has been begun at this labora- 
tory. This paper presents measurements of 
ionization currents in air extending to 200 atmos- 
pheres and 4500 volts per cm, at room tempera- 
ture. Measurements at higher and lower temper- 
atures have been made and are being prepared for 
publication. 

A preliminary report! of such observations has 
already been given. However, several alterations 
in the equipment have been introduced during 
the last few years, and in this paper are included 
only data obtained within the last year with 
what we consider our most satisfactory arrange- 
ment, herein described. 

The currents were measured by the usual null 
method with quadrant electrometer, used by 


1 J. W. Broxon and G. T. Merideth, Phys. Rev. 49, 415 
(1936). 


Broxon? in cosmic-ray measurements. The high 
pressure, steel, ionization chamber is represented 
in longitudinal section in Fig. 1, drawn to scale 
with fair accuracy. The long neck and the forms 
of the electrodes were necessitated by the con- 
siderable temperature variations imposed. It 
should be noted that the guard, G, restricted the 
region of collection of ions by the collection 
electrode, E, to a quite well-defined volume (of 
520 cc) in the main body of the bomb. 

The source of gamma-radiation, S,, was a 
RaBrz concentrate sealed for three years in a 
heavy walled straight glass tube, sealed in its 
turn in cylinder, C,. S; will be referred to as the 
“central source.” 

The source, S2, consisted of the same type of 
RaBrz concentrate sealed in two nearly com- 
pletely semicircular glass tubes placed together 
to form a nearly circular source of gamma- 
radiation located, as shown, beneath the ioniza- 
tion chamber and separated from it by a central 


2 J. W. Broxon, Phys. Rev. 37, 1320 (1931). 
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Fic. 1, High pressure ionization chamber. 


plate and ring of lead. S2 will be referred to as the 
“ring source.”” When S; was in its position as 
shown, S: and its container were removed from 
the vicinity of the chamber. When Sy, was in its 
position as shown, S; was removed, but C; was 
left in position. 
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The outer radius of C;, the inner and outer 
radii of the cylindrical portion of the collecting 
electrode, E, and the inner radius of the chamber 
were, respectively, 2.54 cm, 3.32 cm, 3.46 cm, and 
4.32 cm. 

The water cooler, W, was employed to prevent 
extreme temperature variations of the conical 
and ring-shaped amber insulators during deter- 
mination of the temperature effect,? and was 
detached when not needed. 
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Fic, 2. Compensation condenser. 


3 J. W. Broxon and G. T. Merideth, Phys. Rev. 52, 252 


(1937). 
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Fic, 3. Pressure ionization current curves, with central source. 


B, drawn in broken lines, represents a de- 
tachable container for an oil bath employed only 
for high temperature measurements, the entire 
chamber being inverted from the position shown 
when B was in use. 

Ti, T2, and 73 represent small drill holes at 
whose bottoms thermocouple junctions were 
located to determine the temperatures at these 
places in the cases of measurements not made at 
room temperature. 

Figure 2 represents the well-guarded compen- 
sation condenser employed for the final measure- 
ments. Amber insulation was employed here as 
elsewhere for the central system. The condenser 
contained air at local atmospheric pressure, but 
was sealed and was separated from the ionization 
chamber and its radiation source by a distance 
of a few feet and an intervening brick and cement 
wall. The compensation condenser thus con- 
tributed only a small and nearly constant 
contrary ionization current. It provided a con- 
stant factor for the conversion of: the rate of 


application of P.D. across it, into ionization 
currents. The condenser was calibrated by com- 
parison with a Giinther and Tegetmeyer variable 
air condenser which was carefully calibrated for 
us by the National Bureau of Standards after the 
calibration chart supplied by the makers was 
found to lead to inconsistent values with different 
condenser settings. The National Bureau of 
Standards calibration was made by the method of 
Rosa and Dorsey,‘ and ours by the usual 
electrometer method,’ the variable condenser 
being substituted for the ionization chamber. The 
electrostatic induction coefficient between the 
high potential electrode of the compensation 
condenser and the central or collecting system 
was 154.2 cm. That between the high potential 
electrode of the ionization chamber and the 
central system was 50 cm when the chamber was 
evacuated. 


4E. B. Rosa and N. E. Dorsey, Bull. Nat. Bur. Stand. 3, 


No. 4, 541 (1907). 
5 J. W. Broxon, Phys. Rev. 37, 1338 (1931). 
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Fic. 4. Voltage ionization current curves, with central source. 


Voltmeters of various appropriate ranges were 
employed for measurement of the potentials 
applied across the resistance capacitance compen- 
sation bridge arrangement, and the actual frac- 
tions of these applied across the ionization 
chamber were calculated from the ratios of the 
resistances which were measured at each pressure 
by an Eppley precision bridge. The ionization 
current compensation voltages were determined 
by a Weston model | microammeter with series 
resistance. All these meters were calibrated by 
means of a Leeds and Northrup type K potenti- 
ometer and standard cell, and standard or 
carefully determined resistances. Batteries sup- 
plied the low P.D.’s. For a time we used three 
high potential generators to supply 3500 volts, 
and a rectifier for an additional 1000. The high 
potential observations herein described, however, 
were all made with the aid of a 5000-volt, 0.25 
amp., full wave rectifier, constructed by the 
General Electric Company and obtained with 
their cooperation. It was supplied with a filter 


found by them to pass a ripple of only 0.078 
percent at maximum potential and full load. A 
Variac in the input circuit of the transformer 
provided for fine variation of the output direct 
voltage from zero to the maximum. 

As usual, the air was allowed to stand a month 
or more after compression before being used. It 
was passed into the ionization chamber slowly 
over a trough containing P.O;, and then through 
alternate, tightly packed wads of glass wool and 
cotton, and finally, through a fine brass screen. 
After experiencing considerable difficulty with 
apparently erratic high conductivity of the air at 
the high pressures and highest gradients, we 
adopted the practice of carefully removing lint 
from the interior of the chamber with the aid of 
special illumination and a magnifying glass while 
assembling it, and then maintaining a P.D. of 
about 2000 volts between the long neck and the 
guard tube, providing a strong field through 
which the air must pass on its way to the 
ionization chamber, proper. This appeared to 
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Fic. 5. Pressure ionization current curves, with ring source. 


improve conditions materially, but did not 
always insure satisfactory functioning. 

Pressures were measured by a new Ashcroft- 
American Bourdon type gauge calibrated by the 
National Bureau of Standards. Errors in pressure 
determination may have been 1 percent. 

Except at the very low gradients, it was 
customary to collect the ions for periods of three, 
four or five minutes, after “balancing” or 
adjusting the equipment so that no large or 
permanent deflection was caused by suddenly 
impressing or withdrawing 5000 volts from the 
system, and after establishing steady current 
flow. The average of four such independent 
observations was normally determined and the 
points plotted in the diagrams represent these 
averages. An occasional reading was discarded 
when its large deviation from the average clearly 
indicated an error in observing or recording. 
Very high gradient current observations accepted 
as satisfactory were reproducible minima. At the 


lowest gradients, two observations were usually 
made, with ten- or fifteen-minute collection 
periods. 

In Fig. 3, the ionization currents in ions per cc 
per sec. obtained with the central source, are 
plotted as ordinates with total pressures in 
atmospheres as abscissae. At the several pres- 
sures, observations were made with the same 
definite over-all potentials impressed across the 
compensation bridge system. Because of the 
increase in the dielectric coefficient of the air with 
increase in pressure, a slightly smaller fraction of 
the total impressed P.D. was actually across the 
ionization chamber at the higher than at the 
lower pressures. This is shown in Fig. 4, where 
the current is plotted against the actual voltage 
across the ionization chamber, for a few selected 
pressures. The variation of current with voltage 
in the voltage interval involved was found so 
small, however, that in the pressure current 
diagrams the currents measured with a constant 
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Fic. 6. Voltage ionization current curves, with ring source. 


over-all potential were plotted without correction 202.8 atmospheres. In Fig. 5, positive ion 
for the capacitance variation, the voltage desig- currents depending on single observations with 
nated for each curve being the mean of the an impressed chamber P.D. of 0.14 volt are 
voltages across the ionization chamber at the ex- designated by plus signs near the pressure axis. 
tremes of pressure. All values plotted in the Values designated below this axis represent the 
case of the central source represent negative ion 
currents, or the rate of collection of negative ions 0. 
(per cc) upon the central system. ih 
In Fig. 5 are plotted the pressure current 
relations observed with the ring source of radia- 
tion, each curve corresponding to a definite, over- 
all, impressed P.D., the average P.D. across the 
ionization chamber being designated as in Fig. 3. 
Figure 6 gives the voltage current relations 
observed with the ring source, at approximately 
the same pressures for which corresponding 
curves are shown in Fig. 4 for the central source. 
The lowest voltage values plotted, both in Fig. 4 
and in Fig. 6, correspond to 0.71 volt across the 
chamber, the values at 0.14 volt being omitted 
from these curves. In Fig. 6 both negative and 
positive ion currents are given for 20.4, 120 and _ Fic. 7. Log gradient ionization current per almosphere. 
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actual collection of negative ions although the 
small P.D. was impressed in such a manner as to 
force positive ions toward the central system. In 
all cases not designated, only negative ion cur- 
rents are represented in Figs. 3-6. 

As has been mentioned, the design of the 
ionization chamber was influenced by the require- 
ment of rather large temperature variation. To 
this end, complete uniformity of collection field 
was sacrificed. Accurate computations of the 
effects of the nonuniformity of field which existed 
would probably be impossible. Even when good 
approximations to the field strength at particular 
points in the region of considerable nonuni- 
formity had been made, it would be difficult to 
form a reliable conclusion regarding the relation 
of any function of this to the resultant current 
measured. Relative to this situation it is fortu- 
nate that we have observations made by Bowen® 
with particular care as to uniformity of field, with 
nearly the same ion densities produced in air by 
the same type of radiation, and with gradients 
extending over a considerable fraction of the 
range we employed. For comparison with his 
values, the P.D. (in volts) across the ionization 
chamber was divided by 0.82, the mean radial 
distance in cm across the ionized region between 
electrodes, to obtain an effective gradient for our 
observations. In Fig. 7 are given Bowen's curves 
for 24.95 and 93 atmospheres, and our own 
(negative ion currents) for 20.4 and 98.8 atmos- 
pheres, with the ring source, actual numerical 
values being designated in all cases. As was done 
by Bowen, the currents in ions per cc per sec. per 
atmosphere are plotted as ordinates, and the 
logarithms of the gradients as abscissae. This 
exaggerates the low gradient end of the curve 
considerably, but serves to bring out clearly the 


6&1. S. Bowen, Phys. Rev. 41, 24 (1932). 
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dependence of the currents upon collecting field 
in the region of low fields, and provides an 
excellent comparison of values in the region of 
Bowen’s measurements. The curves indicate that 
the departure from uniformity of the field in our 
ionization chamber was not sufficient to affect 
materially the measured currents. The similarity 
of the relations is brought out even more clearly 
in Table I. 

In columns 2 and 5 are listed the values given 
tabularly by Bowen® opposite the gradients he 
employed, in column 1. In columns 3 and 6 are 
given our own values for these gradients as read 
from our curves in Fig. 7. Column 4 gives the 
ratios of Bowen’s values for 24.95 atmospheres to 
our own for the comparable pressure of 20.4 
atmospheres. The ratio is seen to be constant 
throughout Bowen's range of gradients, within 
the accuracy of the observations. In column 7 are 
listed the ratios of Bowen's 93-atmosphere values 
to our corresponding values at the comparable 
pressure of 99.8 atmospheres. In this case the 
ratio varies somewhat in the very low gradient 
region, but again remains constant within the 


TABLE I. Jonization currents at various gradients. 





I 
| 


] at 24.95 aTMos. I at 20.4 atMos. 


| | 
I at 93 aTMos. I at 99.8 atmos. | 








GRADIENT | (1ONS-CC™!-SEC.~!-ATMOS,~) | (IONS-CC~!-SEC.~!-A TMOS.~!) I at 24.95 | (IONS-cC”!-SEC,~!-aTMOS,~!) | (1ONS-CC”!-SEC.~!-aTMOS,~!) I at 93 

(V/cm) (Bowen) (B. anp M.) Tat 204 (Bowen) (B. anp M.) Tat 998 
1.55 | 59.8 50.5 1.18 26.2 17.9 1.46 
6.2 63.9 53.5 1.19 29.7 21.0 1.41 
23.0 66.5 56.0 1,19 30.6 22.4 1.37 
91.5 70.2 59.4 1.18 32.1 23.6 1.36 
367. 77.1 65.2 1.18 34.8 25.6 1.36 
1009. 85.5 71.8 1.19 39.1 28.5 1.37 


























8 J. W. BROXON 
accuracy of observation for all gradients above 
23 volts/cm. 

In Fig. 8 are designated the same data 
represented in Fig. 7, ordinates in this instance 
representing currents directly in ions per cc per 
second, and abscissae the actual gradients, in 
accordance with our usual mode of representa- 
tion. This brings out more clearly the relations 
among the high gradient values. 

Certain of the curves in Figs. 3-6 may appear 
to the reader to have been drawn without 
adequately weighting certain individual plotted 
points. In drawing individual curves, it was 
borne in mind that each was but a member of a 
family; and in drawing the voltage current 
curves, the smoothed out pressure current curves 
were observed, and vice versa. On these bases we 
believe that the curves represent very well the 
designated relations, although there is necessarily 
some arbitrariness. 

Perhaps the most striking feature of the 


pressure current curves is the broad but ap- - 


parently definite maximum displayed by each. 
Erikson’ has observed such maxima with very 
much higher ion current densities (estimated at 
2X10 to 10” ions per cc per sec. per atmosphere 
by Bowen and Cox).® In his curves for the three 
highest gradients he employed, 2500 volts, 1050 
volts and 102 volts, across 0.8 cm between small 
cylindrical electrodes, the maxima occur in the 
region between 140 and 160 atmospheres. For 
smaller gradients, however, the maxima occur at 
regularly lower pressures, that for his 8.3-volt 
curve being at about 30 atmospheres. In our 
measurements with the ring source, Fig. 5, all the 
maxima occur in the region between 130 and 150 
atmospheres for all gradients, the maxima for the 
75.2-volt and the 7.6-volt curves occurring at 
perhaps slightly higher pressures than those for 
the higher gradients. With the exception of the 
0.14-volt curve, all the curves of the central 
source pressure current family appear to have 
maxima in the region between 120 and 150 
atmospheres, the highest pressures again corre- 
sponding to maxima of the 75.2-volt and 7.6-volt 


curves. 
Sievert? has observed similar maxima with ions 





7H. A. Erikson, Phys. Rev. 27, 473 (1908). 
8]. S. Bowen and E. F. Cox, Phys. Rev. 51, 232 (1937). 
9 R. M. Sievert, Nature 129, 792 (1932). 
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produced by x-rays, at 50 to 60 atmospheres. 

The two families of pressure current curves 
obtained with the two sources resemble each 
other closely, but are not identical in form. 
Values were read from the two sets of curves at 
10-atmosphere intervals and compared. Ex- 
cluding the 0.14-volt values, it was found that 
the ratio of the ring source current to the central 
source current for the same pressure and gradient, 
remained between 1.1 and 1.2 for all pressures 
and gradients. However, there appeared no 
striking regularity of variation of the ratio 
between those limits. 

Both sets of voltage current curves, Figs. 4 and 
6, show the current continues to increase with 
voltage for all voltages and pressures employed, 
some of the curves appearing to be nearly linear 
at the high potential ends. The curves indicate 
that even at 20 atmospheres a gradient of 4500 
volts per cm is not sufficient to produce satura- 
tion, but that the current is still dependent upon 
the gradient. This is in agreement with observa- 
tions of Clay and van Tijn.!° 

Clay and van Tiin have also observed the 
negative ion current values larger than positive 
ion current values under otherwise identical 
conditions, illustrated in the curves of Fig. 6. On 
the other hand, Cox" was unable to observe this 
effect with the equipment used by Bowen and 
himself. We have made many observations over a 
long period, under varied conditions as to details 
of guard, insulation, position and intensity of 
radiation source, compensation condenser, source 
of applied P.D., pressure, gradient, and tempera- 
ture, but in all these cases in which we have 
collected both kinds of gamma-ray ions under 
apparently identical conditions, we have ob- 
served larger rates of collection of the negatives. 

It is possibly significant that in all cases the 
gamma-radiation initially penetrated the high 
potential electrode and then the collecting 
electrode, although when the central source 
was employed the radiation served both as 
“emergent” and “‘incident’’ at corresponding 


10 J. Clay and M. A. van Tijn, Physica 2, 825 (1935). 
Note “‘positive’’ and “negative” should be exchanged in 
section 3, p. 827 and in the captions for Figs. 1 and 2, p. 828 
of their paper. See p. 650 of J. Clay and M. A. van Tijn, 
Physica 4, 648 (1937). 

1 E. F. Cox, Phys. Rev. 51, 55 (1937). 
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ANALYSIS OF CURRENT MEASUREMENTS 9 


surfaces of both electrodes. Rutherford” found in 
1901 that unequal currents resulted from intense, 
unsymmetrical ionization of dry air. It is rather 
interesting that with the arrangement he em- 
ployed, Rutherford actually collected greater 
negative than positive ion currents. With the 
ionization confined to the immediate neighbor- 
hood of the high potential electrode, he found for 
certain impressed voltages that the ratio of the 
negative to the positive ion currents received at 
the collecting electrode equalled the ratio of the 


2 E. Rutherford, Phil. Mag. 2, 210 (1901). 


mobilities of the corresponding ions in air. At 
both higher and lower voltages the ratio ap- 
proached unity. The difference between currents 
of the two signs was also considerably decreased 
by the introduction of various vapors, par- 
ticularly alcohol. In our observations the 
numerical difference between the weak currents 
of the two signs does not appear to depend much 
upon the pressure or intensity of the collecting 
field. The ‘‘positive’’ ion current values of Fig. 5 
collected with a very low impressed P.D. show 
the effect of contact potentials, of course. 
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The Analysis of High Gradient, High Pressure, Gamma-Ray, Air Ion Current Meas- 
urements, by Zanstra’s Adaptation of Jaffé’s Columnar Theory 


James W. Broxon AND GEORGE T. MERIDETH 
University of Colorado, Boulder, Colorado 
(Received April 27, 1938) 


A brief survey of theories advanced to explain the chief characteristics of high pressure 
1onization current measurements is given. The equation developed by Zanstra from Jaffé’s 
theory of recombination of the ions formed by a single particle, yielding a linear relation 
between the reciprocal of the measured current and a function of the collecting field intensity 
and pressure, was applied to our high pressure, gamma-ray, ionization current measurements. 
The curves yielded were not linear, but departure from linearity was rather small in the region 
of high gradients. By extrapolation, “saturation” current values were obtained. These “‘satura- 
tion’’ currents were found to vary linearly with the air density over certain pressure ranges, as 
found by Clay and van Tijn, but changes in slope at very high pressures would indicate a 
modification of Clay's “‘wall” radiation theory if the analysis is regarded as reliable. 


HAT measured gamma-ray ionization cur- 
rents in air at high pressures depend upon 

the pressure in much the same manner as do 
cosmic-ray ionization currents has been demon- 
strated by Compton, Bennett and Stearns! and 
by Broxon.? Tarrant* made a similar observation 
consequent to his gamma-ray measurements. 
Gross* pointed out that Florance’s® beta-ray 
ionization pressure curves also closely resemble 
the gamma-ray curves of Bowen® and the cosmic- 
ray curves of Broxon,’ over Florance’s range of 


1A. H. Compton, R. D. Bennett and J. C. Stearns, 
Phys. Rev. 39, 873 (1932). 

2 J. W. Broxon, Phys. Rev. 42, 321 (1932). 

3G. T. P. Tarrant, Proc. Roy. Soc. A135, 223 (1932). 

4B. Gross, Zeits. f. Physik 80, 125 (1933). 

5D. C. H. Florance, Phil. Mag. 25, 172 (1913). 

61. S. Bowen, Phys. Rev. 41, 24 (1932). 

7 J. W. Broxon, Phys. Rev. 37, 1320 (1931). 


70 atmospheres. This situation has necessitated 
theoretical treatment designed to clarify those 
ionization phenomena which result in measure- 
ments of such striking similarity associated 
with these radiations of different nature and 
vastly different penetrating power. It has also 
provided us with the means of investigating and 
interpreting high pressure cosmic-ray ionization 
measurements by conducting gamma-ray ioni- 
zation current measurements under conveniently 
controllable conditions. 

Attempted explanations of the characteristics 
of recent measurements of cosmic-ray and 
gamma-ray ionization currents at high pressures 
are interestingly similar to initial attempts at 
explaining alpha-ray and gamma-ray currents 
measured a quarter of a century earlier. Many 
of the same characteristics are outstanding in 
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both instances, and the fundamental points of 
view have been duplicated. 

To explain relations between current and 
intensity of collecting field observed in connec- 
tion with work on recombination of alpha-ray 
ions, Bragg and Kleeman,® in 1906, used a 
suggestion made by Rutherford’ in 1904, assum- 
ing a ‘‘process of recombination of newly-formed 
ions with the atoms from which they have just 
been separated. The effects of it are proportional 
to the number of ions formed in a cubic cm in 
unit time, not to the product of the existing 
numbers of positives and negatives. They are 
independent of the shape of the ionization 
chamber, and in this they differ from those of 
general recombination. They depend directly on 
pressure, and vary greatly from gas to gas.” 
They did some quantitative work, deciding that 
fields of the order of 1000 volts/cm would be 
necessary to affect this “‘initial’’ recombination 
considerably. 

In 1908 Erikson'® used this “‘initial’’ (some- 
times called ‘preferential’ or “‘selective’’) re- 
combination hypothesis in explaining his ex- 
tensive measurements of high pressure gamma- 
ray ionization currents. 

However, Moulin," in 1911, found this inade- 
quate to explain his measurements, particularly 
with reference to the dependence of experimental 
currents upon collecting fields, and invoked a 
suggestion he attributed to Langevin (apparently 
1902 or 1903) that the preponderance of recom- 
bination among the ions formed by a single 
ionizing particle is strikingly effective, writing: 
Pour interpréter le phénoméne de recombinaison 
initiale, M. Langevin a proposé une autre hy- 
pothése qui fait intervenir une recombinaison 
générale entre tous les ions produits par une méme 
particule a, sur laquelle un champ extérieur doit 
avoir une action marqueé puisqu’il peut diminuer 
le nombre total de rencontres qui ont lieu entre ces 
différents ions. Cette interprétation, qui a servi de 
point de départ aux recherches qui vont suivre, est 
basée sur I'hypothése que les ions produits par 
chaque: particule a s’éloignent relativement peu de 


8 W. H. Bragg and R. D. Kleeman, Phil. Mag. 11, 466 
(1906). 

®E. Rutherford, Radioactivity (1904), p. 33. 

10H, A. Erikson, Phys. Rev. 27, 473 (1908). 

1M. Moulin, Ann. de chim. et phys. 22, 26 (1911). 
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la trajectoire et sont, initialement, distribués en 
colonnes, .. . 

Jaffé,” in 1913, proceeded further with the 
“columnar” (sometimes called “‘initial’’) recom- 
bination development of Moulin, deducing 
formulae relating rate of collection of ions to 
magnitude and direction of the collecting field 
and involving the coefficients of ionic recombi- 
nation, mobility, and diffusion. Jaffé assumed 
an initial probable cylindrical distribution of 
the ions, and set up a differential equation for 
which he was able to obtain only an approximate 
solution. 

Meanwhile, in 1909, Wilson™ had explained 
the current-pressure relation he had observed in 
gamma-ray and natural ionization current meas- 
urements extending to 40 and 45 atmospheres, 
in terms of the supposed considerable contribu- 
tion to the ionization by secondary radiations 
excited in the walls of the ionization chamber. 
He attributed his “wall” radiation hypothesis 
to McLennan™ who worked on gamma-ray 
subsidiaries in 1907. Wilson offered some mathe- 
matical development. 

After the World War when the study of the 
penetrating (cosmic) radiation was resumed, 
certain investigators, notably Professor Swann, 
appreciated the advantages offered by the high 
pressure ionization chamber. Measurements of 
this type again raised many of the old questions. 

In 1920 Downey" employed the “‘wall’’ radia- 
tion hypothesis to explain the natural ionization 
current-pressure relation she observed at pres- 
sures extending to 58 atmospheres. In 1926 
Broxon'*® extended the pressure range and pro- 
vided some mathematical development of the 
hypothesis, later? concluding that it was inade- 
quate to explain all the phenomena. 

In 1932 Compton, Bennett and Stearns! pointed 
out inadequacies in the “‘wall’’ hypothesis, and 
applied the hypothesis of “‘initial’’ recombination 
of ions with atoms from which they were sepa- 
rated. They were able to explain the cosmic-ray 
current-pressure relations observed by Broxon,’ 


2G. Jaffé, Ann. d. Physik 4, 42, 303 (1913). 

18 W. Wilson, Phil. Mag. 17, 216 (1909). 

4 J. C. McLennan, Phil. Mag. 14, 760 (1907). 
aa M. Downey, Phys. Rev. 16, 420 (1920); 20, 186 
( ). 

‘6 J. W. Broxon, Phys. Rev. 28, 1071 (1926). (Also see 
reference 7.) 
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as well as dependences upon temperature and 
upon the nature of the gas. They concluded 
that in air at 20°C fields of the order of 40,000 
volts/em would be necessary to affect this 
“initial’’ recombination. 

At about the same time Millikan and Bowen" 
also drew attention to the “‘initial’’ recombina- 
tion hypothesis, but offered no mathematical 
treatment. Bowen,® Gross,'* Lea,!* and Harig*® 
have all objected to the ‘‘initial’’ recombination 
treatment by Compton, Bennett and Stearns! 
because of their conclusion relative to the lack 
of dependence of current upon field intensity at 
high values less than the critical value they 
specify. 

Gross,'®:4 by means of certain assumptions 
relative to dependence of the ion constants upon 
pressure and temperature, adapted Jaffé’s” 
“columnar” theory formulae to high pressure 
measurements, including consideration of “‘gen- 
eral” or “‘volume’’ recombination not restricted 
to columns. He succeeded in approximating the 
high density gamma-ray current-pressure curves 
of Erikson'® at the several collecting field 
intensities he used, Broxon’s’:*! cosmic-ray 
curves in air and nitrogen, Bowen’s® low density 
gamma-ray curves, and Florance’s® beta-ray 
curves, as well as temperature effects observed 
at high pressures. 

Harig”® also used the “columnar” hypothesis 
and Jaffé’s calculations to explain Bowen's 
observations. Lea!® criticized Gross’ treatment 
of the problem, and introduced the assumption 
that the ion distribution is better represented by 
“‘clusters’’ symmetrical relative to points than 
by ‘‘columns”’ symmetrical relative to lines, these 
clusters perhaps being arranged in columns. He 
concluded that ‘‘cluster’’ recombination may 
roughly be regarded as accounting for the 
dependence of currents upon pressure, and 
“columnar” recombination, for the dependence 
upon the collecting field. 

Zanstra” has written formula (32’) of the 


17R,. A. Millikan and I. S. Bowen, Nature 128, 582 
(1931). 

18 B. Gross, Zeits. f. Physik 78, 271 (1932). 

19 PD. E. Lea, Proc. Camb. Phil. Soc. 30, 80 (1933-34). 

20G. Harig, Physik. Zeits. Sowjetunion 5, 637 (1934). 

21 J. W. Broxon, Phys. Rev. 38, 1704 (1931). 

22H. Zanstra, Physica 2, 817 (1935). 


paper by Jaffé" in the form 


1 1 @q 

—=-+-f(x). (A) 
a ee 

Here 7 is the measured ionization current and J 
the supposed “‘saturation’’ current which could 
be obtained by an infinite collecting field, so 
that i/J is the same as Jaffé’s N..’/ No, both 
“initial’’ and ‘‘general’’ recombination being 
neglected and only ‘“‘columnar’’ recombination 
considered. 

In this equation, g=aNo/8rD, where a is the 
“coefficient of recombination”? among ions of a 
column, No is the initial line density of ions in a 
column, and D is the ionic “‘diffusion coefficient.” 
Also, 

f(x) =e*(jr/2)Ho™ (jx), 


where j=\/(—1) and H,“ is designated by 
Gross!’ eine Hankelsche Funktion nullter Ordnung, 
values of jHo (jx) being given in Table of 
Functions by Janke and Emde. In this, 


x=(buE sin ¢/2D)?, 


where b is a “‘column parameter” proportional 
to the initial mean radial displacement of the 
ions in a column, wu is the ionic “mobility” 
assumed the same for ions of both signs, £ is 
the intensity of the collecting field, and ¢ is the 
angle between column axis and collecting field 
(or sin?¢@ may be replaced by an “‘average”’ 
value unless ¢ is predominantly small). 

Assuming u/D independent of the pressure, 
and the average (0 sin ¢) inversely proportional 
to the pressure, Zanstra decided that for high 
pressure gamma-ray ionization currents in air 
collected with strong fields, x = 1.24(10)-*(E/p)? 
to a sufficient degree of approximation, p being 
the pressure in atmospheres and E being meas- 
ured in volts/cm. Zanstra pointed out that as E 
approaches @, f(x) approaches 0. Hence the 
(1/2) intercept of the line represented by Eq. (A), 
linear in f(x), must represent the reciprocal of 
the “‘saturation”’ current collected at infinite field 
intensity if the relation is correct. Graphs 
representing f(x) for values of x from 10-8 to 12 
are given by Zanstra. 

Zanstra emphasized that the relation should 
be obeyed only at high field intensities where 
“‘general’’ recombination is eliminated. He ap- 
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Fic. 1, Jaffé-Zanstra function curves corresponding to our measurements with central source. 
C 


Air at 28 
specific gravity relative to air at 


plied the theory to Erikson’s!® measurements, 
finding the linear relation obeyed by those data, 
and extrapolated to find the ‘“‘saturation’’ cur- 
rents. He also pointed out that for specified field 
intensities the accuracy of determination of J 
decreases with increase of P and the consequent 
greater extrapolation necessitated. 

Clay* and Clay and van Tijn™ applied 
Zanstra’s deductions to their measurements of 


ma Clay, Physica 2, 811 (1935). 
* J. Clay and M. A. van Tijn, Physica 2, 825 (1935). 


. Central source of ea. Numbers at upper ends of curves represent 
a A 


gamma-ray and cosmic-ray ionization currents 
in various gases at high pressures, and found the 
linear relation between 1/7 and f(x) obeyed for 
large collecting field intensities. Clay” found 
the “saturation” current to increase linearly 
with pressure at different rates in different 
pressure ranges, and explained the situation in 
terms of secondary radiations produced in the 
gas and in the walls of the vessel. 

Bowen and Cox® have criticized the work of 


257. S. Bowen and E. F. Cox, Phys. Rev. 51, 232 (1937). 
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Fic. 2. Jaffé-Zanstra function curves corresponding to our measurements with ring-source. Air 
at 27°C. Ring-source of gamma-radiation beneath chamber. Numbers at upper ends of curves 


represent specific gravity relative to air at N.T.P. 


Zanstra and Clay and van Tijn. Applying 
Zanstra’s equation to their own measurements, 
they obtained a curve concave toward the f(x) 
axis rather than a straight line. They emphasized 
the necessity of very low ion densities such as 
employed in their own measurements, in order 
to assure freedom from “general” or ‘‘volume”’ 
recombination. 

Clay”* then showed that ‘‘volume’’ recombina- 
tion could not have affected his measurements, 
and pointed out that the collecting fields 
employed by Bowen and Cox were too weak to 
provide a proper test of the Zanstra equation. 
Clay and van Tijn®’ have provided striking 
evidence in favor of this method of analysis by 


26 J. Clay, Phys. Rev. 52, 143 (1937). 
27 J. Clay and M. A. van Tijn, Physica 4, 648 (1937). 


deducing Eve's constant from measurements of 
gamma-ray ionization currents in air at pressures 
extending to 147 atmospheres. 

Our recent measurements**® of gamma-ray 
ionization currents in air provide a desirable 
test of this theory which presumes to evaluate 
actual “saturation” currents (or rates of pro- 
duction of ions?) in gases at high pressures. 
We employed the same low ion densities advo- 
cated by Bowen and Cox, and the range of 
collecting field intensities and pressures found 
satisfactory by Clay and van Tijn. 

In Fig. 1 are the curves obtained by substi- 
tuting in Zanstra’s equation our experimental 
values observed with the central source of 








28 J. W. Broxon and G. T. Merideth, Phys. Rev. 54, 1 
(1938). 
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central source, together with experi- 
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radiation. o, the specific gravity of the air 
relative to air at 0°C and standard atmospheric 
pressure, was substituted for p in the expression 
for x. E was obtained by dividing the voltage 
across the chamber by 0.82 cm, as was done in 
obtaining the gradients of Figs. 7 and 8 of the 
preceding paper. Values of 7 for a particular 
density of air were read from the family of 
curves of Fig. 3 of the preceding paper, the 
smoothed-out curves being regarded as more 
reliable than individual observations. Such series 
of values were determined at pressures corre- 
sponding to intervals of 10 in the specific gravity, 
and a Zanstra curve constructed for each set. 
Only values corresponding to the five highest 
gradients we employed, within the range sug- 
gested by Clay, are included in the diagram. 


200 


The curves of Fig. 2 correspond precisely to 
those of Fig. 1, but are obtained from the ring- 
source curves of Fig. 5 of the preceding paper. 

It will be observed that all the curves of 
Figs. 1 and 2 are somewhat concave toward the 
f(x) axis, in the sense noted by Bowen and Cox” 
but in many cases the curvature is very slight. 
The curvature was found much more pronounced 
in the same sense in the region of low field 
intensities, not shown. Since the curves were not 
straight, extrapolations were attempted by 
producing tangents to the curves at their high 
gradient termini where the ideal should have 
been most nearly approached. 

Reciprocals of the intercepts on the 1/7 axis 
of the extrapolations of the curves in Figs. 1 
and 2 are plotted as “saturation” currents in 
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Figs. 3 and 4, respectively, against the specific 
gravity of the air. As the theory predicts, the 
“saturation”’ curves in each case lie above the 
experimental curves obtained with the highest 
field intensity employed, throughout the pressure 
range. As Clay and his associates found, the 
“saturation’’ current curves are made up of 
straight line segments, at least at the lower 
pressures. As in their curves, extrapolations of 
the low pressure segments to zero density cut 
the current axes above the origins. The first 
breaks in the curves occur at about o=41 and 
o=46, or pressures of about 45 and 50 atmos- 
pheres at 28°C. They correspond to breaks in 
the curves of Clay and van Tijn at about 40 
atmospheres, the slope being less steep above the 
break than below in each case. In this connection 


Specific Grovity relotive to Air ot N.T.P. 


it may be noted that their electrode spacing 
was slightly less than ours. 

The ‘‘saturation”’ currents show a new feature, 
however, in that a second break occurs at about 
o=114 or 126 atmospheres in Fig. 3, and at a 
somewhat lower pressure in Fig. 4. A very slight 
break is indicated at o=80 or 87 atmospheres, 
also, in the second case. Whereas in Fig. 4, 
corresponding to the ring source, the “satura- 
tion’’ current continues to increase with pressure 
at a further decreased rate above the high 
pressure break, the central-source curve of Fig. 3 
indicates the attainment of a maximum “‘satu- 
ration” current or even a possible decrease, 
although it should be remembered that the 
extent of extrapolation (with accompanying 
decrease of accuracy) increases rapidly with 
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pressure. In this connection Zanstra’s” calcu- 
lations from Erikson’s data, represented in Fig. 
5, are interesting in that they also show a high- 
pressure break in the “‘saturation”’ current curve, 
which may be significant in spite of the wide 
limits of error indicated. However, Clay and 
van Tijn?’ attained pressures of 147 atmospheres 
without the appearance of the additional break. 
If Clay’s explanation of the breaks in terms 
of the absorption of “‘wall’’ radiations is to be 
applied, it would seem to be necessary to invoke 
a dual type of ‘wall’ radiation to explain our 
new breaks in the neighborhood of 130 atmos- 
pheres. The possibly horizontal portion of the 
“saturation” curve of Fig. 3 may call to mind 
attempts by Broxon to explain the pressure 
effect entirely in terms of “‘wall’’ radiation. 
Relative to the similarities of the experimental 
and theoretical curves corresponding to the two 
sources of radiation, the diversity of directions 
of excited beta-rays relative to exciting gamma- 
rays should be borne in mind, together with the 
fact brought out by Jaffé that except in case of 
very accurate collimation in the direction of 
the collecting field, there is little dependence 
of experimental current upon angle between 
columns and field, even in the case of alpha-rays. 
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Fic. 5. “Saturation” current curve corresponding to 
Erikson’s measurements, as calculated by Zanstra. Dotted 
lines represent limits of error estimated by Zanstra. 
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In Fig. 6 are given the Zanstra curves for 
the currents obtained upon collection of negative 
and positive ions, respectively, at the three 
pressures at which both currents are shown in 
Fig. 6 of the preceding paper. Intercept values 
for ions of the two signs at a particular pressure 
do not appear to be identical as in the case of 
Clay and van Tijn.* 

We have also measured ionization currents 
produced in air at 100 atmospheres by a larger 
supply of radium located about 65 cm beneath 
the ionization chamber. The negative-ion cur- 
rents measured at the five highest gradients were 
almost exactly 9.7 times as great as the corre- 
sponding currents obtained with the central 
source, throughout this range of gradients. 
Again negative-ion currents were larger than 
the positives. The Zanstra .curves for both 
negatives and positives (not shown) had the 
small curvature toward the f(x) axis, but in this 
instance the intercept values for the extrapolated 
curves might well be considered identical. 

By way of criticism of the theory applied 
herein and of other theories, it should be empha- 
sized that assumptions relative to the ionic 
“coefficients’’ at high pressures have been neces- 
sary in a region where little and in some in- 
stances no experimental work has been done. 
Moreover, because of the complexity of the 
problem, over-simplification is likely. It is 
interesting that in order to obtain an approxi- 
mate solution to his differential equation, Jaffé!* 
made the simplifying assumption that the radial 
distribution of ions in a column is determined 
entirely by diffusion and not at all by recombi- 
nation, the latter supposedly affecting only the 
gross ion content of the widening column. As 
Jaffé points. out, this amounts to assuming that 
the rate of recombination is not proportional to 
the square of the ion density at a point in the 
column, or to assuming that the ‘‘coefficient of 
recombination” is variable, being least at the 
axis where the ion density is greatest, and in- 
creasing exponentially with the square of the 
radial distance. Thus at a distance a little less 
than the mean distance of the ions from the axis 
the “coefficient of recombination” is presumed 
to be twice as great as at the axis, and at a dis- 
tance twice as great as the mean radial distance 
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Fic. 6. Jaffé-Zanstra function curves corresponding to our measurements of ‘‘negative”’ and 
‘“‘positive” ion currents at three pressures. 


of the ions, the ‘“‘coefficient of recombination” 
is about 23 times as great as at the axis. This 
is inherent in all theories which begin with 
Jaffé’s fina] equation. 

It appears practically universally to be as- 
sumed that for a given intensity of a penetrating 
radiation passing through a specified volume of 
gas, the rate of production of ions and hence 
the theoretical ‘‘saturation’”’ current which may 


or may not be capable of measurement, must 
be directly proportional to the amount of the 
gas present in that volume. It may possibly be 
worth mentioning again? that if it is conceivable 
that radiation energy may eventually, through 
the agency of subsidiary radiations or otherwise, 
be dissipated in any manner other than by the 
production of ions, then this universal assump- 
tion may not be justified. 
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Range and Specific Ionization of Alpha-Particles 


M. G. HoLttoway Anp M. STANLEY LiIviINGsTON 
Cornell University, Ithaca, New York 
(Received April 6, 1938) 


A study of the specific ionization of polonium alpha- 
particles near the end of their range with a shallow ioniza- 
tion chamber and linear pulse amplifier has resulted in an 
accurate determination of the single particle specific 
ionization curve and the range energy relation in this 
region. The method used is to compare the average single 
particle ionization in chambers of different depths and from 
the differences to obtain the ionization of particles of 
residual range less than the depth of the chambers. The 
single particle specific ionization curve differs from earlier 
determinations and shows the necessity of a correction to 


the accepted values of absolute mean range of all alpha- 
particle groups. The value suggested for the mean range of 
Th C’ (at 15°C and 760 mm) is 8.570+0.007 cm; for Po 
it is 3.842 +0.006 cm. It is shown that extrapolated ranges 
obtained from ionization measurements differ from those 
obtained from number distance curves; an empirical rela- 
tion is suggested to convert such values to mean range. A 
corrected range energy relation for alpha-particles extend- 
ing down to zero range is obtained by combining the results 
of the present investigations with earlier determinations. 





INTRODUCTION 


NE of the most essential relations for the 

analysis of nuclear disintegration data is 
that between alpha-particle range and energy. 
In the region in which alpha-particle groups 
from natural radioactive sources are available 
(between 5.3 and 10.5 Mev) precision measure- 
ments of the energies have been made with a 
magnetic deflection technique.'!:? The extrapo- 
lated ranges from ionization measurements near 
the end of the range have been accurately ob- 
served for a few natural alpha-groups,’: + while 
the relative values of mean range have been 
obtained for most of them.’ Lewis and Wynn- 
Williams® correlated these measurements and 
established an absolute mean range scale (Th C’ 
alphas = 8.533 cm at 15°C and 760 mm). In the 
region below 5.3 Mev (Po=3.8 cm) several 
attempts have been made to measure reduced 
ranges and energies by slowing down the particles 
in absorbers.*: 7 These have resulted in extending 
the relation down to about 3 Mev with reason- 
able accuracy. A few points on the curve at still 
lower energies can be computed from atomic 
mass values and disintegration data, with some- 
what less accuracy. The ranges and energies of 


1 Rutherford, Wynn-Williams, Lewis and Bowden, Proc. 
Roy. Soc. 139, 617 (1933). 

? Briggs, Proc. Roy. Soc. 157, 183 (1936). 

3’ Henderson, Phil. Mag. 42, 538 (1921). 

‘I. Curie, Ann. de physique 3, 299 (1925). 

5 Lewis and Wynn-Williams, Proc. Roy. Soc. 136, 349 
(1932). 

6 Mano, Ann. de physique 1, 407 (1934). 

7 Briggs, Proc. Roy. Soc. 114, 341 (1927). 
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extremely low energy alphas have been obtained 
from studies of alpha-particle recoils in He gas. 
An analysis of the existing experimental evidence, 
supplemented by a theoretical calculation (valid 
for the higher energies) for which the constants 
were determined in the well-known region of 
natural alphas, has been made by Bethe,’ and 
has resulted in a range energy relation which 
seems to be in reasonable agreement with most 
disintegration results. The accuracy claimed for 
this relation below 0.5 Mev is 10 percent, be- 
tween 0.5 and 2.0 Mev 50 kv (~5 percent), and 
between 2 and 5 Mev 30 kv (~1 percent). 

In the analysis of those nuclear disintegrations 
from which very short range alpha-particles are 
observed,!° the poor accuracy of the range energy 
relation has been a serious handicap. It has 
affected the accuracy of the values obtained for 
neutron energies when measured through the 
ranges of recoil He atoms. Studies of the energy 
distribution of neutrons emitted from excited 
heavy nuclei, which are expected to be of the 
order of 1 or 2 Mev, also will require a more 
exact knowledge of the low range region. 

This paper reports a method for the accurate 
determination of the specific ionization of a 
single alpha-particle and the range energy rela- 
tion for alpha-particles in the low energy region, 
extending down to essentially zero range. The 
results require a new analysis of the Cavendish 


8 Blackett and Lees, Proc. Roy. Soc. 134, 658 (1932). 
* Livingston and Bethe, Rev. Mod. Phys. 9, 261 (1937). 
10 Livingston and Hoffman, Phys. Rev. 53, 227 (1938). 
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results and give a more exact determination of 
the absolute range. The work was started with 
the intention of establishing the position of the 
mean range of an alpha-particle group with 
relation to the physical face of a shallow ioniza- 
tion chamber. It was found that this position 
was a decided function of the electrical charac- 
teristics of the amplifier and counter circuits. 
In order to specify the range as measured by the 
shallow ionization chamber technique to a better 
accuracy than the depth of the chamber (usually 
about 2 mm), it is necessary to know the 
effective ‘‘electrical face’’ or “electrical center’ 
of the chamber, the relative size of the noise 
level of the amplifier to alpha-particle pulse 
heights, the amplitude response characteristic of 
the amplifier, the grid bias on the recording 
thyratron, the penetration of the particle into 
the chamber to produce a count at this bias, etc. 
In the discussion to follow these various factors 
are analyzed and methods suggested for deter- 
mining their effects on the observed values of 
range. 
DISCUSSION 

In order to discuss the features pertaining to 
range measurements it is necessary to define the 
terms to be used. A very helpful analysis has 
been given by King and Rayton." Since the loss 
of energy of alpha-particles through the processes 
of ionization and excitation occurs in discrete 
amounts, the energy loss will show statistical 
fluctuations and the particle ranges will be dis- 
tributed about a mean or most probable value. 
This distribution may be closely approximated 
by a Gaussian function : 


f(x)dx = (1/ (wha) )e~Ro-2)* ad x ; 


where f(x)dx is the fraction (of the total number 
of particles) having a range ending between x and 
x+dx, Ro is the mean range, a/R» is the dimen- 
sionless range straggling coefficient, usually indi- 
cated by the symbol p, and a, the range straggling 
parameter, is the half-width of the distribution 
curve at 1/e of the maximum. Such a distribution 
is illustrated in Fig. 1 (A), where @ has the value 
0.062 cm (for Po). Integration of f(x)dx results 
in a number distance curve, similar to those ob- 
tained experimentally, in which the mean range 


“ King and Rayton, Phys. Rev. 51, 826 (1937). 


is the distance at half-maximum (the point of 
inflection of the curve). It follows from this that 
the mean range of a collimated group of alpha- 
particles is that for which half the particles have 
a greater, and half a smaller range. The inter- 
cept of the essentially straight line portion of 
the number distance curve is an extrapolated 
number distance range of the particle group, and 
is the most readily determined feature of experi- 
mental number distance curves. It can readily 
be shown that the difference between these mean 
and extrapolated ranges, s, is a linear function 
of the straggling parameter: s=}m'a. Such a 
curve is also indicated in Fig. 1 (B), extrapo- 
lating to a value s=}7'(0.062) =0.055 cm. 

As an alpha-particle moves through a gas it 
loses energy by ionization and excitation of the 
gas atoms. The ionization produced per cm 
length of path (by a single alpha or by a group of 
alphas) is called the specific ionization (of the 
single alpha or group of alphas). We will call 
the specific ionization as measured in a chamber 
of finite depth (1 to 2 mm) the specific ionization, 
and the value which this approaches as the 
chamber is made infinitely thin the differential 
specific ionization. The specific ionization is a 
function of the distance from the end of the 
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Fic. 1. Characteristics of range curves for polonium 
alphas. A, Range straggling distribution about the mean 
range; B, number distance curve showing extrapolated 
range; C, differential specific ionization of a single alpha- 
particle of mean range; D, average ionization (Bragg) curve 
for a group of alpha-particles with the range distribution of 
curve A, showing the ionization extrapolated range. 
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range. The curve of specific ionization against 
distance from the end of the range for a col- 
limated group of alphas is called a Bragg curve. 
This curve rises asymptotically from zero at the 
end of the range to a maximum at about 5 or 6 
mm from the end, and then decreases slowly to 
0.5 of the maximum for particles of about 2.5 cm 
residual range. The specific ionization curve for a 
single alpha was first obtained experimentally by 
a study of the photographic density of alpha- 
particle tracks in a cloud chamber.’* The chief 
result of the present investigation is to obtain 
this curve with accuracy up to the extreme end 
of the range. As the Bragg curve is the specific 
ionization of a group of alphas, it is then the re- 
sultant of the ionization curve of the single alpha 
and the straggling distribution of particles in the 
group. It shows a pronounced tail due to 
straggling. An extrapolation of the essentially 
linear front of this curve to zero ionization (first 
suggested by Marsden and Perkins") results in 
an extrapolated ionization range which is not the 
same as the extrapolated number distance range 
obtained from the number distance curve. The 
ranges measured and reported by Henderson,* 
Curie* and others are extrapolated ionization 
ranges obtained from Bragg curves. 

In order to illustrate these features we have 
plotted in Fig. 1 (C) the single particle differ- 
ential specific ionization curve obtained from 
these experiments. The method of taking the 
data, which will be described in detail later, 
eliminates the effects of straggling, and so the 
end of this curve is exactly the mean range. 
We have also computed the expected shape of 
the Bragg curve from this single particle curve 
and the range straggling indicated in the dis- 
tribution curve (a=0.062 cm). This is plotted 
in Fig. 1 (D), and has an extrapolated intercept 
0.023 cm greater than the mean range, but 
0.032 cm less than the range extrapolated from 
the number distance curve. In a latter section of 
this paper we amplify this analysis to show how 
the absolute mean range may be determined 
from the observed Bragg curves of certain 
standard alpha-particle groups. 

The present practice in nuclear physics is to 


Feather and Nimmo, Proc. Camb. Phil. Soc. 24, 139 


(1938). 
18 Marsden and Perkins, Phil. Mag. 27, 690 (1914). 
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observe the number distance curve and obtain 
the extrapolated number distance range there- 
from. This method has two advantages; that it 
leads directly to the mean range through sub- 
traction of the quantity s=}37'a, and for which 
a can be determined from the observed straggling 
of the front of the number distance curve; and 
that it represents a range value independent of 
the shape of the Bragg curve. The mean range 
may be determined from the extrapolated ioniza- 
tion range only through an empirical relation 
such as that deduced by Lewis and Wynn- 
Williams > x=0.8a—0.06 mm, in which x is the 
difference between mean range and extrapolated 
ionization range. It is our impression that the 
distinction between these two extrapolated 
ranges is not generally recognized. With the new 
evidence which we present we find the difference 
between mean and extrapolated range in the two 
cases to differ by more than a factor 2. 

In the measurement of alpha-particle ranges 
three essentially different techniques have been 
used ; photographic observation of particle track 
lengths in a cloud chamber, measurements with 
sensitive charge measuring devices of the ioniza- 
tion produced in a short length of path, and 
counting techniques usually involving shallow 
ionization chambers and pulse amplifiers. 

Histographic plots of the lengths of tracks 
observed in a cloud chamber show a most 
probable value which is interpreted as the mean 
range of the group. The absolute range measure- 
ments are handicapped by the difficulties of 
determining gas density at the instant of forma- 
tion of the track, and the uncertainty of deter- 
mining the exact end of the range in the region 
where the specific ionization is rapidly decreasing. 
The range distribution, however, leads directly 
to a good estimate of straggling, if errors of 
measurement are considered.*: 4 

Ionization measurements, such as those of 
Henderson,’ Curie,* and Naidu,” have resulted 
in the most consistent data, and from the curves 
obtained the extrapolated intercepts can be 
determined with precision. The conversion of 
such values to mean range requires a knowledge 
of the specific ionization curve of the single 


alpha, and of the straggling, including the effects 


4 Rayton and Wilkins, Phys. Rev. 51, 818 (1937). 
% Naidu, Ann. de physique 1, 72 (1934). 
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of the depth of chamber. If properly analyzed, 
however, it offers possibilities of giving the most 
exact determinations of range since measure- 
ments come from large numbers of alpha- 
particles, and may be carried out under reduced 
pressures so that the errors in distance measure- 
ments are negligible and the effective chamber 
depth small. 

The shallow ionization chamber technique 
may be used either to count the number of 
particles arriving at a certain point (the number 
distance curve), or, by measuring the size of the 
pulses, to determine the energy loss by ionization 
in the chamber. In the first method, the total 
number of pulses is counted, regardless of size. 
The most readable quantity from such experi- 
mental data is the extrapolated number distance 
range. Determination of the exact mean range 
of the particles is handicapped, however, by the 
finite resolution of the chamber due to its depth. 
Each experimental apparatus has its own noise 
level, or background, and only those pulses are 
counted which are larger than a certain minimum 
determined by the noise level. This result is 
usually obtained experimentally by applying the 
output pulses to a thyratron (grid-controlled 
gaseous discharge tube) on which the grid bias is 
adjusted so that the tube flashes and records 
counts only for pulses greater than a set value. 
This means that very small pulses, such as those 
due to particles just entering the chamber, are 
not counted, and so a minimum depth of penetra- 
tion corresponding to this value must be added 
to the distance to the face of the chamber. In 
order to determine this penetration it is necessary 
to know the variation of ionization with distance 
from the end of the range. 

This variation can be determined if measure- 
ments are taken of the size of pulses obtained 
from a chamber of given depth, in which case 
the pulse heights are proportional to the ioniza- 
tion produced in the chamber. ,This can be 
obtained by determining the thyratron bias just 
sufficient to count such pulses or by measuring 
the height of oscillographic records of the pulses. 
A spread in pulse heights will be observed due to 
the range straggling; the average pulse height 
will be proportional to the ionization of the 
average alpha-particle in the range straggling 
distribution. Such measurements give at the 


same time an alternative direct determination of 
the end of the range of the average alpha. 

In both of these applications of the shallow 
chamber and counter the resolution can be im- 
proved by decreasing the depth of the chamber 
either physically or by reducing the pressure. 
With number distance data this results in a 
smaller correction for penetration and a more 
accurate result; in number bias curves it makes 
the error due to the curvature of the specific 
ionization relation smaller. A most valuable 
modification of the counter method came from 
the development of the differential ionization 
chamber'* in which the ionization from two 
adjacent shallow chambers with opposite applied 
potentials is collected upon a common grid. 
For particles crossing both chambers the ioniza- 
tion essentially cancels, giving no pulse; only 
those particles are recorded which stop within 
the chamber. The resolution of the instrument 
was further improved by recording only those 
pulses within set limits of magnitude, effectually 
measuring particles stopping in a shallow region 
near the common grid. A peaked curve is ob- 
tained broadened by range straggling; the posi- 
tion of this peak represents the point of maximum 
rate of change of ionization along the path of 
the alpha-particle. This represents a charac- 
teristic range differing from the mean range only 
by a constant difference, and this difference 
depends upon the measuring apparatus and not 
upon the straggling of the alpha-group. The 
differential chamber technique was used by 
Lewis and Wynn-Williams® and others in the 
Cavendish Laboratory in their measurements of 
the relative mean ranges of the natural alpha- 
groups. All the methods described except that 
yielding mean pulse heights have the inherent 
disadvantage of including the range straggling in 
all observations. 

Bohr"? first suggested that the tail at the end 
of the Bragg curve was due to the statistical 
nature of the energy loss and calculated the 
expected straggling. For Po alphas the straggling 
parameter, a, computed from the Bohr expres- 
sion is 0.042 cm; that obtained’ from the 
wave mechanical treatment of Bethe'® is 0.046 


16 Rutherford, Ward and Wynn-Williams, Proc. Roy. 
Soc. 129, 211 (1930). 

17 Bohr, Phil. Mag. 30, 581 (1915). 

18 Bethe, Ann. d. Physik 5, 325 (1930). 
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cm. Since all experimental determinations have 
led to larger values, it has been suggested that 
such theoretical values are too low because the 
energy loss by excitation of the inner electrons 
is neglected.'! The observed distribution in 
range nearly always includes other sources of 
straggling, due to such factors as thickness of 
the alpha-particle source, finite depth of the 
measuring chamber, noise or background fluctu- 
ations in the amplifiers or electrometers, sta- 
tistical errors in measurement, etc. The value 
obtained for the range straggling parameter 
depends in most instances on the success in 
identifying and measuring the straggling due to 
these other factors. The a@ for Po has been 
variously reported as : 0.064,* 0.052,"4 0.0672° cm. 

Briggs” has made direct measurements of the 
straggling in mica by magnetic analysis of the 
energy distribution of RaC’ alphas after tra- 
versing different thicknesses of mica foils. His 
results, when reduced to air, showed a nearly 
linear relation between a* and distance in the 
first 4.5 cm where the results had a reasonable 
consistency. Rutherford, Ward and _ Lewis” 
extrapolated this relation to obtain an a for the 
longer range Th C’ alphas. Lewis and Wynn- 
Williams® used Briggs’ results to obtain the 
straggling parameters for all natural alpha- 
particles. Their absolute values for a may be 
subject to question, and we will discuss the 
possible errors in a later section. There are good 
indications, however, that the variation of a 
with range is essentially correct and that the 
relative values are significant. We have chosen 
to use the Lewis and Wynn-Williams values 
where needed in this analysis, recognizing the 
possibility of errors in the absolute values. 
These values refer to the range straggling 
parameter only, and so do not necessarily apply 
to the straggling observed in a particular experi- 
ment. We will expect, therefore, that each 
experiment will have a straggling including types 
other than range straggling and so will usually 
be greater than the Cavendish value for the 
group. 


19 Reference 9, p. 283. 

20 Schulze, Zeits. f. Physik 94, 104 (1935). 

21 Briggs, Proc. Roy. Soc. 114, 313 (1927). 

# Rutherford, Ward and Lewis, Proc. Roy. Soc. 131, 684 


(1931). 
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EXPERIMENTAL ARRANGEMENT AND 
CALIBRATIONS 


The alpha-particle source used in these in- 
vestigations was a relatively weak source of 
polonium (0.5 mC) deposited on palladium from 
a 0.1N HCI solution saturated with hydrogen.” 
The source was about one year old but had not 
become appreciably thicker than its original 
condition. The number-range curves obtained 
show a straggling of only about 1.4 that of the 
best obtained in experimental measurements. 
The method of taking data was such as to 
record only mean ranges, and so eliminate the 
effects of straggling. In the supplementary 
experiments on measurements of the absolute 
mean range a fresh source was prepared and 
compared with the above to determine the 
necessary correction for the thickness of the 
source. This fresh source was prepared in the 
manner described by Rutherford by placing a 
drop of purified Po solution of 0.1N HNO; on 
nickel, and washing thoroughly before tarnish 
appeared. It was found to have a straggling 
only slightly greater than the accepted value 
for range straggling alone, but the intensity of 
the source was much weaker. 

The ionization chamber was designed to allow 
the depth to be varied and determined to better 
than 0.05 mm, by mounting the back plate on a 
screw of 1 mm pitch. The front face was a 
closely woven nickel screen from a radio tube, 
rolled flat and mounted to form the high potential 
electrode. Microscope measurements showed the 
grid apertures to be rectangular, of 0.20 by 
0.40 mm size; the flattened grid was 0.18 mm 
thick. The movable back plate was a brass disk 
? inch in diameter and surrounded by a guard 
ring. It was insulated with amber rings and 
connected to the grid of the first amplifier tube 
with a 5-inch lead. The computed electrical 
capacity of the 1 mm chamber and shielded 
lead was 5.5 uwuf. The source support was ar- 
ranged to be moved between machined guides 
perpendicular to the chamber face by means of 
a 1 mm pitch steel screw equipped with a divided 
drum and index, and calibrated with a traveling 
microscope. The alpha-particles from the source 








23 Kanne, Phys. Rev. 52, 380 (1937). The authors wish to 
thank Dr. Kanne for supplying the polonium source. 
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Fic. 2. Diagrammatic sketch of shallow ionization 
chamber and movable source holder with calibrated 


screw. 


were collimated by two small holes having an 
average diameter of 0.0435 cm in thin brass 
sheets 0.365 cm apart immediately in front of 
the source. The physical distance between source 
and the inside surface of the grid forming the 
chamber face was obtained with a traveling 
microscope; it was found by trial that the 
distance could be determined to better than 
0.005 mm. This was obtained at one setting of 
the scale and relative distances read off the 
drum and scale. A scale drawing of the physical 
arrangement is shown in Fig. 2. 

All observations were made at room tempera- 
ture and pressure and reduced to 15°C and 
760 mm of Hg. The barometric pressure was 
read at intervals of } hour during a run and the 
pressure at the time of the individual readings 
interpolated from a time chart of the variations. 
The pressure readings were corrected for the 
temperature of the mercury column through 
standard conversion tables, to the 0°C at which 
the barometer was calibrated. A 1/10°C ther- 
mometer near the chamber was read at 5 min. 
intervals. The total temperature and pressure 
correction varied between 7.6 and 8.1 percent 
during one run, and between 5.8 and 6.2 percent 
during the others. 

The pulse amplifier and the counting circuit 
require special attention, since upon their per- 
formance depends much of the accuracy of the 
results. The amplifier is the resistance capacity 
coupled type employed by Wynn-Williams,™ 
Dunning” and others. The usual care was taken 
in design to eliminate interstage coupling by 
having for each stage two shielded compart- 
ments, one for the tube and the other for the 


— and Ward, Proc. Roy. Soc. 131, 391 
(1931). 
2 Dunning, Rev. Sci. Inst. 5, 387 (1934). 


decoupling resistors and condensers. The input 
stage used a 38 tube operating at low plate and 
screen potentials. The second, third and fourth 
stages were voltage amplifiers (6C6 tubes). In 
the last two stages a 56 tube was used to drive 
a 210 tube, which had 475 volts plate potential 
in order to maintain linearity for large plate 
swings. The output of the amplifier was con- 
trolled by means of a potentiometer before the 
fifth stage. The gain of the amplifier was such 
that with a 2 mm chamber placed at the peak 
of the Bragg curve output pulses of a mean 
height of 250 volts could be obtained. The six 
stages of amplification were used in order to 
reduce the gain required of each stage. This 
insured that each tube would operate on only 
the linear part of its characteristic. The entire 
amplifier and thyratron circuit was enclosed in 
a copper shielding case which allowed operation 
undisturbed by the cyclotron oscillator in the 
same room. Five separate power supplies fur- 
nished the d.c. potentials for the entire amplifier. 
The high potential for the ionization chamber 
came from one supply. The first amplifier stage, 
with plate and screen voltages of the order of 
10 volts, had a separate supply with very good 
filtering. The second, third and fourth stages 
had a common supply, as did the fifth and sixth. 
The latter two, being power stages, required 
very good regulation of their plate potentials. 
Another supply was necessary for the thyratron 
circuit as the flashing of this tube would seriously 
affect any other tube using the same power 
supply. The 60-cycle 110-volt supply for the 
amplifier was a 12 kw synchronous motor 
generator set which after a half-hour’s running 
gave a very constant voltage. 

The thyratron used for measuring output 
pulse heights was an RCA 885, chosen from 
several for its reproducibility. Operating at 130 
volts plate potential it had a “‘flash-point”’ of 
— 14.5 volts grid potential, varying slightly with 
plate potential and the ambient temperature. 
The calibration runs to be described below show 
that the thyratron has a linear characteristic 
between pulse height and negative grid potential 
above the flash point. The grid bias supply and 
meter limited the range of operation to —100 
volts, so the gain of the amplifier was adjusted 
to supply pulse heights of a maximum of 85 
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Fic. 3. Diagram of thyratron oscillator circuit for 
producing pulses of varying amplitudes and time constants; 
used to simulate alpha-particle pulses in calibrating the 
amplifier. 


volts (when the chamber was set at the position 
of the peak of the Bragg curve). 

In determining the amplitude response char- 
acteristic of the amplifier a circuit was used 
which gave uniform voltage pulses very similar 
in shape to those produced by an alpha-particle 
(Fig. 3). In this way the amplifier could be 
tested under conditions comparable to the 
counting of alpha-particles. It consisted of an 
885 “‘thyratron oscillator’’ with condenser C, 
and grid potential adjusted to give a flash 
frequency of about 1000 per minute. The 45 
tube was used to control the size of the pulses 
and to obtain a convenient inversion. The 
output was applied to a potential divider com- 
posed of ten 200 ohm metallized resistors and a 
variable resistor R;. The taps of the voltage 
divider were connected to a small plate near 
the grid of the first stage amplifier tube, allowing 
potential pulses to be induced on the grid of 
known relative sizes and of a common shape. 
The time constant controls C2, C; and Ry were 
adjusted to make the pulse shapes indistinguish- 
able from those due to alpha-particles, as de- 
termined by the use of a cathode-ray oscilloscope 
with a sweep frequency of 800/sec. The ampli- 
tude control R; was then set to give an output 
pulse from the amplifier of the order of 85 volts 
when the potential divider was set for the 
maximum. The uniform height pulses were 
superimposed upon the natural noise of the 
amplifier; a plot of counts against bias of the 
amplifier thyratron resulted in a curve similar 
to that obtained for alpha-particles except for 
the smaller straggling, which in this case is 
only that due to noise. The bias for half-maxi- 
mum counting rate was determined for the 
various taps of the voltage divider by obtaining 
points just above and just below half-maximum. 
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These mean bias values are plotted against the 
fraction of the maximum pulse height in Fig. 4. 
The plot is seen to be linear over the entire 
range and to extrapolate to the thyratron flash 
point of —14.5 volts for zero pulse height. The 
result makes it reasonably certain that the 
amplifier is linear in its amplitude response to 
voltage pulses over its working range. Since the 
size of a voltage pulse is proportional to the 
charge collected in the ionization chamber, it 
may be assumed that the mean pulse height 
will be proportional to the ionization produced 
in the chamber. Here and throughout this paper 
by mean pulse height we mean the difference 
between the mean thyratron bias and the flash 
point bias. 

A noise background is always present in the 
amplifier, consisting of pulses, both positive and 
negative, with shapes determined by the time 
constant of the amplifier, and of such number 
that data cannot be taken at low bias voltages. 
Amplifier noise is due to the statistical fluctua- 
tions in electron current in the tubes and 
resistances of the first stage, and the ionization 
of residual gas in the tube. The use of low plate 
and screen voltages on the first tube (about 10 
volts) reduces the gas noise. Microphonic re- 
sponse to acoustical noise or vibration may be 
minimized by mounting chamber and tubes on 
sponge rubber supports. It was found that the 
noise depended strongly upon the condition of 
charge or discharge of the filament battery ; best 
results were obtained by discharging to about 
0.9 of the capacity of the battery after full 
charge. The noise level sets a lower limit to the 
thyratron bias at which the counter is reliable. 
This was at —33 volts in the calibration run 
plotted in Fig. 4, or about 18 volts less than the 
— 14.5 volt flash point. In the experiments to be 
described the noise amounted to about } the 
maximum alpha-particle pulse height in the 1 mm 
chamber and 3 that for the 2 mm chamber. In 
deeper chambers the noise is relatively smaller, al- 
though nearly the same in absolute magnitude. In 
general, there is nothing to be gained by dis- 
torting the response of the amplifier in order to 
suppress the noise, as the lower limit of observa- 
tions exists whether the noise is visible in the 
oscilloscope or not, and produces a proportionate 
bias straggling. 
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Some confusion exists in the literature as to 
what is meant by the noise background of a 
pulse amplifier. The r.m.s. value, usually ob- 
tained from observations of the noise pattern on 
the oscilloscope screen, has no significance in 
counting experiments. The effective noise level 
is that below which reliable data cannot be 
taken because of the number of noise counts. 
This may be several times greater than the 
r.m.s. value. In describing the operation of a 
pulse amplifier the usual method is to give a 
signal to noise ratio, reported by several experi- 
menters to be as large as 50/1. This is probably 
due either to the use of an r.m.s. value of noise, 
or to a nonlinearity in the amplifier response, 
discriminating against the small noise pulses. 
This last feature is valuable in simple counting 
experiments, and is readily obtained by adjusting 
the grid bias of any one of the amplifier tubes. 
The signal noise ratio has no meaning, however, 
unless the amplifier has been adjusted to be 
strictly linear and calibration runs made. An 
indication of the true signal noise ratio may be 
obtained from the straggling of number bias 
curves with alphas near the beginning of their 
range (for which the range straggling is small). 
The curves of Fig. 8 (to be described later) show 
a definite straggling, chiefly due to noise for 
chamber settings near the source ; this straggling 
spread would have to be less than 1/50 of the 
average bias value to indicate a ratio of 50/1. 
No such sharp bias cut-off curves have been 
reported, and the indication is that such high 
signal-noise ratios are due to imperfect adjust- 
ment of the amplifier and nonlinear response 
characteristics. However, the signal to noise 
ratio of 6/1 obtained with the amplifier used in 
these experiments probably could be improved 
by a more careful selection of the tube for the 
first stage. 

The instrumental straggling due to noise was 
determined from the slopes of the ‘curves from 
which the half-maximum bias values plotted in 
Fig. 4 were obtained. An average slope was 
found to extrapolate from the half-maximum 
to zero in 4.6 volts of bias; this is the ‘‘s’’ for 
the straggling due to noise, in terms of volts of 
bias. With the uniform pulses there is no other 
source of straggling included, such as range or 
thick source effects. In the low bias region in 


which the data to be described later were taken 
it is found that the variation of bias voltage 
with distance is about 23 volts/mm, which 
corresponds to a noise straggling parameter a 
of 0.023 cm. This figure will be used in the 
analysis of the observed straggling. 


OBSERVATIONS AND ANALYSIS OF THE METHOD 


When the collimated beam of alpha-particles 
was allowed to enter the chamber, and the 
counting rate observed as a function of distance 
from the source with a fixed thyratron bias, a 
number distance curve was obtained. This curve 
was similar to the analytic curve illustrated in 
Fig. 1, except for a slight unsymmetrical flat- 
tening near the top, due to the parttcles coming 
from the deeper layers of the source. It was found 
that number distance curves obtained with 
different bias settings led to curves which were 
displaced relative to each other. In Fig. 5 is 
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Fic. 4. Amplitude response characteristic of the pulse 
amplifier showing a linear response above the thyratron 
flash point. 


shown a set of such curves obtained with a 1 mm 
chamber for bias settings varying from the 
minimum (just above the noise level of the 
amplifier) to a maximum (where a few counts are 
obtained for particles of maximum ionization). 
For the four lower bias values the curves have a 
common shape, showing parallel slopes and 
having the flat top characteristic of true number 
distance curves. Within this region the mean 
range and the extrapolated number distance 


























26 M. G. HOLLOWAY 
1000 
800} 
600}-= 
= 
hs 
wn 
be 
z= 
“a. 
200. 
8 “0 12 CM (4 1.6 1.8 


Fic. 5. Number distance curves obtained with the 1 mm 
depth chamber for a series of thyratron bias voltages, 
showing the manner in which observed ranges depend upon 
bias. 


range could be obtained by determining the 
depth of penetration specified by the bias 
settings. The four higher bias curves all show 
maxima and changing slopes. The maximum is 
sharpest at about 55 volts and represents the 
position of the peak of the Bragg curve at the 
center of the chamber.”® This is seen to be about 4 
mm from the mean range (half-maximum) indi- 
cated by the lowest bias curve. In this region of 
changing slopes we are measuring the number of 
particles having a specific ionization greater than 
that specified by the bias setting. 

The difficulty of analyzing such number dis- 
tance curves is twofold. First, since the curves 
were taken only for bias values above the noise 
level, they do not give directly a measurement of 
the mean range or extrapolated number distance 
range, which are defined for zero pulse height 
(zero ionization). A plot of the extrapolated 
intercepts against pulse height does not result ina 
straight line and so cannot be extrapolated to 
zero pulse height with any precision ; the same is 
true of the position of half-maximum repre- 

*6 This high bias condition is valuable in separating 
groups of particles of different ranges; the distance between 
corresponding parts of the curves for different ranges at the 
same bias will be the difference in range. It can also be used 
to distinguish between particles of different specific 
ionizations, such as alpha-particles and protons. The counts 
for extremely high bias (60 volts) are probably due to a 


favorable superposition of noise fluctuations with the 
particle pulses. 
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senting the mean range. Furthermore, the ioniza- 
tion collected in the chamber does not start 
sharply at the grid face; there is an effective 
“electrical face’’ of the chamber at some distance 
in front of the grid face itself. Fields of 0.1 the 
value in the chamber may exist at distances of the 
order of the grid aperture on the outside of the 
grid.?” So the electrical face of the chamber may 
be several tenths of a mm in front of the grid, and 
the chamber may have a correspondingly greater 
“electrical depth.”’** 

A method has been devised to determine the 
position of the electrical face of the chamber, and 
at the same time to obtain the shape of the 
extrapolation to zero pulse height. This is ac- 
complished by taking, for a series of biases, 
number distance curves for two depths of 
chamber, ‘‘1’’ mm and ‘‘2”’ mm, near the end of 
the range. The figures are in quotes to indicate 
that the true electrical depths as determined 
from the experiments will be different in each 
case. The physical conditions for the two cham- 
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Fic. 6. Schematic diagram of chambers of 1 and 2 mm 
physical depth, with the external ‘‘electrical face’’ indicated 
by a dotted line. Particles with residual range 6 at the 
electrical face produce equal ionizations in the two cham- 
bers; those with range 6 at the back of the 1 mm chamber 
give different ionizations, the difference being the ionization 
of a particle of range 6. 


27 Briiche and Scherzer, Geometrische Elektronenoptik 
(Springer, 1934). 

28 The use of a grounded grid in front of the high potential 
grid might eliminate the extension of the electrical field. 
However, there is no advantage in this, since for any 
arrangement an experimental test must be made to deter- 
mine the effective face. 
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Fic. 7. Plot of observed distance for half-maximum counting rate as a function of bias voltage, for chambers with 
depths of 1 and 2 mm. The difference curve shown below, and also shifted to the right to join smoothly to the ex- 
perimental curves, gives the ionization of particles of residual range less than 1 mm. The required shift of 1.31 mm 


represents the electrical depth of the 1 mm chamber. 


bers are represented schematically in Fig. 6. 
Particles having residual ranges 6 at the face of 
the chamber less than the depth of the “1’’ mm 
chamber will produce identical ionizations in the 
two chambers.”® Particles having residual range 
5 at the back of the ‘‘1"’ mm chamber will produce 
different ionizations in the two chambers. This 
difference will be uniquely the ionization of 
particles of residual range 6, where 6 is less than 
the 1 mm difference between the two chamber 
depths. It should be noted that for an alpha 
which does not completely cross the chamber 
(i.e., has residual range 4) it is not the specific 
ionization (averaged over the chamber depth) 
which is measured, but the 


5 
x)= f I(x)dx, 


29 Since it was possible that the change in electrical field 
due to doubling the depth of the chamber might result in a 
different collection time for the ions and so a different pulse 
height, observations were taken with full and half-voltage 
on each chamber. The results were identical, indicating 
that the collection time was very short compared to the 
time constant of the amplifier, and that there was no 
appreciable shift in the position of the electrical face. 


where J;(x) is the total ionization from the end of 
range, and IJ(x) is the differential specific 
ionization. The ‘2’? mm chamber then gives us 
the total ionization of particles having a residual 
range up to about 2 mm. 

For a number of different bias voltages and 
with the 1 mm chamber a series of observations 
were made of the positions for which the counting 
rate was half maximum. The maximum rate was 
measured with the chamber set at the peak of the 
Bragg curve (about 4500 counts/5 minutes). The 
distance to the source was increased until the 
counting rate was just above half-maximum 
(2250 to 3000 in 5 minutes) and then just below 
(1500 to 2250). The exact distance corresponding 
to half-maximum was then obtained by a linear 
interpolation. The bias voltages are plotted 
against the corresponding distances for half- 
maximum in Fig. 7. An entirely similar set of 
readings made with a physical depth of 2 mm and 
the same collecting field is also plotted in Fig. 7. 
These two curves are found to merge at their low 
bias ends, but to diverge for higher bias values. In 
order to analyze such data it is necessary that the 
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two curves overlap, and the relative chamber 
depths to accomplish this result had been 
determined in previous preliminary observations. 

Smooth curves are drawn through the experi- 
mental points and the differences between these 
curves plotted separately in Fig. 7. We have 
assumed a power relation between total ioniza- 
tion J; and residual range R, viz. J,= R", n being 
in general a function of R. Such a relation is 
found to hold with good accuracy over the last 
mm of the difference curve, with n= 1.64. Using 
this relation we find the end of the difference 
curve to be at 3.667 cm. If the effective depths of 
the two chambers had been exactly 1 and 2 mm, 
shifting of the difference curve by 1 mm should 
have made it coincide with the ‘‘2”’ mm curve. It 
is found, however, that the difference curve must 
be shifted 1.31 cm (at 15°, 760 mm) to make a 
smooth fit. This represents the electrical depth of 
the ‘‘1”” mm chamber. All distance measurements 
were taken to the inside face of the grid, and 
corrected to 15°C, 760 mm. The 1 mm physical 
depth of the chamber has a reduced value of 
0.92 mm, so the “electrical face”’ is at a position 
1.31—0.92 =0.39 mm in front of the inner face of 
the grid to which measurements were made. 
The ‘2’. mm chamber has then a depth of 
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0.92+1.31=2.33 mm. The abscissae of Fig. 7 
represent the distance to the electrical face of the 
chamber at 15°, 760 mm; the indicated end of 
range is at 3.667+0.131=3.798 cm. From the 
magnitude of the experimental fluctuations of 
the data plotted in Fig. 7, and from the as- 
sumption made in extrapolating the difference 
curve, we estimate the probable error in the 
determination of the end of range to be +0.008 
cm. The end of the range is now defined by the 
extrapolation to zero total ionization of the total 
tonization distance curve of the single particle of 
mean range by use of the range exponent found to 
hold over the last mm of path. 

When counts are taken as a function of bias 
voltage with the chamber set at a fixed position, a 
number bias curve is obtained. Such a curve 
shows the distribution of pulse heights about a 
half-maximum or mean value. Half of the alpha- 
particles produce more ionization than this value, 
and half produce less. Therefore this mean bias 
value represents the specific ionization of the 
alpha-particle having a range equal to the mean 
range of the group. This follows from the fact 
that in a group of alphas half have their individual 
specific ionization curves shifted to one side of 
the specific ionization curve of the alpha of mean 





























T T T 
z 
= © 
~~. @ 
Ww ° 
iL Fb a 
z Zz 
5 a "] 
w 
a <= — 
a 
a 
1 l L 1 l 1 
0 20 40 BIAS— 60 VOLTS 80 100 


Fic. 8. Number bias curves obtained with the 1 mm depth chamber for settings at 
various distances from the source. The mean bias (for half-maximum counting rate) 
represents the specific ionization of the average alpha; the slopes of the curves are deter- 
mined by the instrumental straggling, increased near the end of the range by range 


straggling. 
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Fic. 9. The specific ionization curve of a single alpha-particle corrected for the effect of the finite chamber depth. The 
experimental points (small solid circles) are the values of mean bias plotted against the position of the electrical center of 
the chamber. The scattered points are taken from other reported single particle ionization curves: Feather and Nimmo 
(large circles), Stetter and Jentschke (squares), and Schulze (crosses). 


range, and half to the other side. Due to the 
finite slope of the specific ionization curve those 
alphas with curves shifted to one side will 
produce greater (or less) ionization than those 
with curves shifted to the other side. 

A family of number bias curves obtained for 
several settings of the chamber position is shown 
in Fig. 8. The figures on the curves represent the 
distance between source and chamber. In each 
curve a straggling of pulse heights about the 
mean value is observed, and a linear portion 
which can be extrapolated to the axis. Where the 
range straggling is small (close to source), the 
slopes are nearly uniform and can be used to 
determine the straggling in pulse heights due to 
the instrument alone. The slopes increase with 
increasing distance, due to the effects of the 
range straggling of the individual particles on 
their ionization in the region of rapidly decreasing 
specific ionization. The most significant feature 
of one of these curves is the half-maximum or 
mean bias. As the distance between source and 
chamber is increased this mean bias increases, 
reaching a maximum when the chamber is set at 


the peak of the Bragg curve. With further 
increase the mean bias drops rapidly. A plot of 
pulse heights obtained from such mean bias 
values, as a function of distance, is the specific 
ionization of the alpha-particle of mean range. 
Using a “1’’ mm chamber the bias for half- 
maximum counting rate was determined at 
different points along the path. For each setting 
of position three bias values were used, one to 
determine the maximum counting rate (35 volts) 
and the others at biases giving counting rates 
just above and just below half-maximum. The 
mean bias value is obtained by linear interpo- 
lation between the latter two points. The corre- 
sponding mean pulse height is proportional to the 
ionization per 1.31 mm length of path when 
plotted against the distance to the “electrical 
center’ of the chamber (3(1.31) —0.39=0.27 mm 
behind the physical face). It is desirable to have 
the differential specific ionization rather than 
that in any finite depth of chamber. This requires 
a correction for the variation of the specific 
ionization in the chamber depth, which can be 
determined from the curvature of the observed 
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curve.*® The corrected curve is shown in Fig. 9; 
it shows J(x), the differential specific ionization 
(relative to that at the peak), for a single alpha- 
particle as a function of distance from the end of 
the range. The small heavy circles are experi- 


Let f(x) be the ordinate representing the observed 
ionization in a chamber of depth /, whose center is at x. 
Then: 

f(x) =E(x+3) -—E(x—2), (1) 


where E(x) is the energy of a particle of residual range x. 
By the expansion of the right-hand side of (1) in a Taylor's 
series about x: 


dE 1/12 OE 
six) =1(5 +6 (5) iat’): (2) 


Similarly, if we expand f(x+3/)+/f(x—}/) about the 
point x: 


S(et3) +fh(x— fl) =2f(x) +1412 E/dx8 +--+. (3) 
Since the ionization J(x)=/dE/dx, by combining (2) and 
(3) we obtain: 


I(x) = (4/3) f(x) — (1/6) f(x+ 31) — (1/6) f(x— 42), 
where J(x) is the differential specific ionization at x. 
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Fic. 10. Enlarged scale plot of the end of the single 
particle specific ionization curve, showing observed points 
from number bias data (circles) and from the slope of the 
range bias curve of Fig. 7 (crosses). The solid curve is the 
differential specific ionization, corrected for the effect of 
finite chamber depth. 
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mental points. For comparison with the results 
of other observers points are indicated taken 
from the reported single particle ionization 
curves of Feather and Nimmo,” Schulze,”° and 
Stetter and Jentschke,*! matched at the peak. 
The method described above is neither valid nor 
practicable within the last 1.31 mm of range, but 
points can be obtained in this region from the 
slope of the bias distance curve of Fig. 7. The 
curve in Fig. 7 represents J,(x), the total 
ionization up to 2.23 mm residual range. But 
since 


L(x) = { “I(x)dx, I(x) =dI,(x)/dx. 


In this manner J(x) can be obtained for the last 
2.23 mm of range. 

A larger scale plot of the end of the curve 
beyond the peak is shown in Fig. 10. Here the 
dotted curve is drawn through the observed 
points (circles) with the 1.31 mm chamber. The 
solid curve is corrected to zero chamber depth 
(the differential specific ionization) and extended 
to zero residual range by means of the points 
obtained from the slope of the bias distance curve 
(crosses). The resulting curve fits the experi- 
mental points accurately and shows an essentially 
vertical intercept at the end of the range.” 

A graphical integration of the areas under the 
curves of Figs. 9 and 10 was next performed to 
obtain a relation between range and total ioniza- 
tion. If we assume that the energy loss per ion 
pair remains constant throughout this region, the 
integration gives a relative range energy relation 
for alpha-particles having a range equal to the 
mean range of the group. This requires that the 
ratio between energy loss by ionization and by 
excitation remain constant. We consider this 
assumption to be the chief cause of uncertainty 
in the range energy relation. The curve obtained 
was adjusted to match the natural alpha relation 
in the region between 2.5 and 2.8 cm residual 


3t Stetter and Jentschke, Physik. Zeits. 36, 441 (1935). 

% The assumption of a constant range exponent used in 
obtaining the extreme end of range makes the shape of this 
extrapolation uncertain within the last 0.1 mm. The known 
phenomena of capture and loss of charge in this region 
would suggest that the true ionization curve has a slight 
extension at the foot. However, in order to provide a 
satisfactory standard on which to base range determinations 
we have used the assumption of constant range exponent 
resulting in the vertical intercept. 
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Fic. 11. Energy vs. range for alpha-particles. Obtained by graphical integration of the specific ionization curve of 
Fig. 9 and matched to the known relation in the region of natural alphas. Accuracy: 5 kv from 0 to 0.5 Mev, 1 percent 
from 0.5 to 2.0 Mev, 20 kv from 2.0 to 4.0 Mev, 0.5 to 0.3 percent from 4.0 to 5.0 Mev, and 0.2 percent in range and 0.1 


percent in energy from 5.0 to 8.0 Mev. 


range where it is known to a good accuracy. The 
result, in the customary Mev units is shown in 
Fig. 11 on a sufficiently large scale to be used 
directly. The method used was to plot the ranges 
and energies of the natural alphas, corrected as 
indicated in the discussion to follow and given in 
Table II, and to extend it to energies below 5 
Mev by the use of Mano’s’ data on the energies of 
retarded alphas (also corrected to the new 
standard range). When matched in absolute value 
the experimental curve also matched the natural 
alpha-curve accurately in slope over a con- 
siderable region, a partial justification of the 
assumption above. For if there had been any 
appreciable variation in the energy loss per ion 
pair at low energies the computed range ioniza- 
tion curve would not have had the same slope as 
the range energy curve. 


Straggling 


In Fig. 5 the low bias number distance curves 
are observed to have a common slope which is a 


measure of the total straggling. The difference 
between mean range (half-maximum) and the 
extrapolated range, under standard temperature 
and pressure conditions, shows an average value, 
s, of 0.070 cm. Another estimate of this total 
straggling is obtained from the slopes of the 
straight lines used in interpolating the values of 
half-maximum count which are plotted in Fig. 7. 
From an average value of slope in the low bias 
region we obtain an s of 0.079 cm. The first 
method has a statistical error due to smaller 
numbers of counts on each point (1 minute) ; the 
second has an error due to the long extrapolation 
through the two points near the half-value. They 
are probably of equivalent accuracy and the 
variation in s obtained is an indication of the 
errors. We use an average of 0.074 cm as the best 
estimate of the distance s. This results in a total 
straggling parameter, a, =0.074/(}2!) =0.084cm. 

The observed straggling is the resultant of 
many separate straggling effects. We will list and 
discuss these in turn: 
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(a) Range straggling.—The experimental value 
of the range straggling parameter which we have 
chosen to use is that given by Lewis and Wynn- 
Williams for Po (a,;=0.062 cm), obtained from 
Briggs’! measurements of range straggling in 
mica and reduced to air. In the discussion to 
follow the experimental Bragg curves of Curie 
and Naidu are found to be in good agreement 
with this value. 

(b) Noise straggling.—Analysis of the slopes of 
the number-bias curves of the amplifier calibra- 
tion run gave an “‘s”’ of 0.020 cm; from this 
a2=0.023 cm. 

(c) Ionization straggling—The chamber used 
in these measurements has an electrical depth at 
standard conditions of only 1.31 mm. The num- 
ber of ionization collisions occurring in this 
length of path can be estimated to be less than 
5000 for particles with 1 mm or less residual 
range, allowing a statistical variation of bias in 
the various readings. Furthermore the statistical 
variation of energy loss per collision about the 
mean value (32 volts/ion pair) results in ad- 
ditional straggling. An approximate calculation 
of these two effects leads to a range equivalent of 
this ionization straggling, a3 of 0.011 cm. 

(d) Angular straggling—The geometry of the 
collimation slits leads to a correction due to the 
fact that the average alpha-particle observed 
makes a slight angle with the normal (see below). 
The variation in angle about this average angle 
within the collimation limits introduces a 
straggling which is nearly symmetrical about the 
mean angle. The total correction for the average 
angle was only 0.0043 cm, so the angular 
straggling, a4, will be only a small fraction of this, 
and may be neglected. 

(e) Chamber depth straggling —The method of 
taking the data results in bias readings deter- 
mined by the chamber depth and specific ioniza- 
tion; the smooth curves plotted through the 
points and the methods of subtracting bias curves 
have essentially reduced the depth of the chamber 
to zero. However, the electrical face of the 
chamber as determined is an average value, and 
it will vary for particles entering the chamber 
adjacent to a grid wire or in the center of a grid 
aperture. This depends on the shapes of the 
equipotential lines near the face of the grid, 
which are not known. An estimate of the 


straggling can be obtained from the difference 
between the outer surface of the grid wires and 
the average electrical face, which is about 0.021 
cm. Assuming this to represent the over-all 
straggling (2s) we obtain a a;=0.012 cm. 

(f) Source straggling —The straggling effects 
discussed above are essentially symmetrical, and 
would result in a distribution centered about the 
mean range. As such, they can have no effect on 
the measured value of mean range. However, 
there is at least one other effect which is not 
symmetrical, the straggling due to depth of 
source. This will not only increase the total 
straggling observed, but it will result in a smaller 
value of mean range. The best estimate of the 
source straggling comes from the observed differ- 
ence in range of particles from the relatively thick 
source used in the range and ionization measure- 
ments, and the freshly prepared source which had 
no appreciable thickness. The observed difference 
in range of these two sources under identical 
conditions was 0.042 cm (see below). This is 
directly the correction to be applied to the mean 
range value obtained and from it we can deduce 
a ag=0.048 cm. 

If our analysis of the various straggling 
factors is correct we should be able to deduce 
the total straggling parameter from the indi- 
vidual effects. We find for the collimated group 
of polonium alphas a,=(0.062?+0.023?+0.011? 
+0.012?+0.048?)! = 0.083, in agreement with the 
observed a;=0.084 cm. 


DETERMINATION OF THE ABSOLUTE MEAN RANGE 
OF Po ALPHAS 


The mean range of 3.798 cm determined above 
and illustrated in Fig. 7 must be corrected for 
certain known factors, such as the angle of 
collimation, the thickness of source and the 
composition of the air (absolute ranges are for 
dry air at 15°C and 760 mm of Hg pressure). 

The largest error in absolute range was that 
due to the finite thickness of source, and indicated 
by the straggling. The correction was obtained 
directly by observing the difference between the 
source used above and a freshly prepared source 
having no appreciable thickness. The fresh source 
was first checked for straggling, and was found to 
give essentially that expected from range and 
instrumental straggling alone. With a common 
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bias voltage of 50 volts, corresponding to 0.418 of 
the peak of the specific ionization curve, measure- 
ments were made of the positions for half- 
maximum counting rates for the two sources. The 
absolute measurements of distance from source to 
chamber face were taken and reduced to standard 
conditions; the distance for the new source was 
found to be 0.042 cm greater than for the old 
source. This is exactly the correction to be added 
to the end of range observed ; it is the ‘‘s”’ of the 
source straggling and gives a ag of 0.048 cm. 

The imperfect collimation of the beam would 
result in an apparent range less than the true 
range for perfect collimation. The collimation 
used allowed a maximum deviation from the 
direction normal to the chamber face of 6.8 
degrees. The average particle observed corre- 
sponds to an average angle, and hence to a 
distance slightly less than the true range along 
the normal. This average angle, 6, can be 
determined following the procedure outlined by 
Bethe.** The distribution of particles with angle 
may be approximated by a Gaussian function: 
g(9) =e in® 6/8: where B?=(1.27a?/b?) =0.0045 
and where a is the average radius of the colli- 
mating holes and 0 the distance between them. 
By integration we find the average (6*),,= 38. 
The correction to the observed range, for a 
particle of 3.84 cm range is 3.84((1/cos @) —1) 
= 3.84(46") =0.0043 cm. On adding these two 
corrections to the observed value of the end of 
range of 3.798+0.008 cm, we obtain a value 
for the absolute mean range of Po alphas of 
3.840+0.010 cm. This probable error includes an 
arbitrary error of +0.006 cm which, because of 
the uncertainty in the corrections, we have added 
to the purely experimental errors. 

The relative humidity of the air was about 20 
percent at 25°C during the experiments, indi- 
cating a water vapor content of 0.6 percent of the 
observed pressure. Taking the stopping power of 
water vapor to be ? relative to air we find a 
correction in range of —0.007 cm. The CO, 
content of the air in the closed room was esti- 
mated to be 0.5 percent greater than normal, 
resulting in a positive correction of about the 
same magnitude. Since the resultant correction 
could not be determined accurately and would be 


83 Reference 9, p. 279. 


smaller than the experimental error, no correction 
was applied. The standardization of the gravi- 
tational constant to 45° latitude was estimated 
and found to be trivial. 


COMPARISON WITH RESULTS OF OTHER 
EXPERIMENTS 


The best determinations of the ionization 
extrapolated range for alpha-particle groups are 
by Henderson.* He obtains for Th C’ and Ra C’, 
respectively, the values: 8.616+0.004, and 6.953 
+0.004 cm in dry air at 15°C and 760 mm of Hg 
pressure. Harper and Salaman™ check the Th C’ 
result, with a larger error. Curie and Behounek™ 
and Harper and Salaman* are in sufficient agree- 
ment for Ra C’, but Naidu" reports a low value. 
For Po three observers are in excellent agree- 
ment ; Curie* gives 3.870(+0.006), Naidu” 3.868 
+0.006 and Harper and Salaman™ 3.870+-0.008 
cm. Since no other method of measurement has 
resulted in such precise determinations, ioniza- 
tion measurements should be used in establishing 
the absolute range scale. We have chosen to use 
Henderson's values of Th C’ and Ra C’ and the 
average of Curie’s and Naidu’s results for Po as 
standards of ionization extrapolated range. 

The most complete survey of the relative mean 
ranges of natural alpha-particle groups has been 
made in the Cavendish Laboratory with the 
differential ionization chamber.': > The measure- 
ments were all relative to Th C’ as a standard, 
and this standard was established by comparisons 
with Henderson’s results. Lewis and Wynn- 
Williams® used the only single particle ionization 
curve available at that time, obtained by 
Feather and Nimmo” from the photographic 
density of alpha-particle tracks in a cloud 
chamber, and the data of Briggs*' on the strag- 
gling parameters for the various groups, to 
construct an average ionization (Bragg) curve. 
With several assumed values of a they computed 
average ionization curves, and from the extrapo- 
lated intercepts they obtained an empirical rela- 
tion for the difference between such extrapolated 
values and the mean range: x =0.8a—0.006 cm. 
They then used this relation to determine the 
absolute scale for their relative mean range 
determinations, namely, that for which Th C’ 


u Harper and Salaman, Proc. Roy. Soc. 127, 175 (1930). 
% Curie and Behounek, J. de phys. et rad. 7, 125 (1926). 
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Fic. 12. Average ionization (Bragg) curves computed 
from the single particle ionization curve and the range 
distribution functions characterized by straggling parame- 
ters of 0.062, 0.100, 0.124 and 0.150 cm. The extrapolated 
intercepts are used to obtain an empirical relation between 
mean range and ionization extrapolated range. The slopes, 
expressed in terms of the intercept distance, y, provide a 
method of determining the straggling from experimental 
ionization curves. 


alphas had a mean range of 8.533 cm. It is 
“the value such that the extrapolated ranges 
calculated from the mean ranges determined for 
Th C’, Ra C’ and (with less weight) Th C and 
Po, differ by a minimum amount from the most 
accurate absolute determinations of these ex- 
trapolated ranges.’’ These minimum differences 
are +0.007, —0.008 and —0.021 cm for Th C’, 
Ra C’ and Po, greater than the stated errors in 
the measurements. This value for Th C’ has been 
accepted and used as a range standard. It should 
be pointed out that it is a derived value, based 
upon an incorrect specific ionization curve for a 
single alpha-particle. 

The first single particle ionization curve re- 
ported was deduced by Curie‘ from an observed 
average ionization curve and a measured range 
straggling parameter for Po. Following the early 
work of Feather and Nimmo” others have 
attempted to measure the single particle curve, 
but their results were handicapped by instru- 
mental straggling. Schulze?® used a proportional 
amplifier and measured the average size of pulses 
due to the ionization produced in a short section 
of path; his results show a decided: “tail” 
similar to the average ionization curve. Stetter 


and Jentschke* used two shallow chambers and 
linear pulse amplifiers and measured average 
heights of oscillographically recorded pulses. 
They obtain a steeper curve, in rough agreement 
with that obtained in these investigations. 

With our more precise determination of the 
single particle ionization curve it is possible to 
make a better analysis of the Bragg curves. 
Using assumed Gaussian distributions with 
range straggling parameters of 0.062 (Po, illus- 
trated in Fig. 1), 0.100, 0.124 and 0.150 cm 
we have computed the shapes of the average 
ionization curves.** They are illustrated in Fig. 
12. From the indicated extrapolated intercepts 
we find that the empirical relation between x 
(the difference between mean and _ ionization 
extrapolated range) and a is essentially linear 
and can be expressed as: x=0.47a—0.006 cm. 
Extreme lines drawn through the points suggest 
a probable error of 8 percent in the region of 
the natural alpha-particles, exclusive of the error 
in a. It is now possible to use this empirical 
relation in the manner of Lewis and Wynn- 
Williams to relate extrapolated ionization ranges 
and relative mean ranges. However, before doing 
this it is essential to consider that each experi- 
mental observation of extrapolated range in- 
cludes possible straggling factors other than 
range straggling, and so may have an a differing 
from the range straggling parameter used by 
Lewis and Wynn-Williams. 

The most definite quantity connected with the 
shape of a computed average ionization curve of 
Fig. 12 is the slope of the straight line used in 
the extrapolation. When the slopes are plotted 
against the corresponding values of a a relation 
is observed which is linear to a better accuracy 
than the empirical relation between x and a 
described above. If the slope is expressed in 
terms of the distance y between the upper and 
lower intercepts of this straight line (through the 
ordinates representing the peak of the curve and 


36 This was done following the procedure outlined by 
Lewis and Wynn-Williams in obtaining the average 


ri—o 


ionization, J: [= 2 f(x)I(x—z), where J(x—2z) is the ioniza- 


tion produced by a single alpha-particle in a short interval 
at an average distance x—z from the end of its track, and 
f(x) is the distribution function characterized by the 
chosen value of a. The summation was performed with 
intervals of 0.02 cm, and the result normalized to fit the 
maximum to the peak of the Bragg curve. 
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zero ionization) we obtain a relation: a=0.917y 
—0.160 cm+5 percent. A value for y may be 
obtained from any observed ionization curve, 
and this relation used to determine the a charac- 
teristic of the experiment. 

Henderson's published curve for Th C’ has a 
value y of 0.304 cm, indicating an a@ of 0.119 cm, 
in good agreement with the Cavendish value of 
0.120 cm. For his Ra C’ curve y=0.292 and 
a=0.108, somewhat higher than the range 
straggling value 0.102 cm and indicating addi- 
tional straggling in the experiment. For Po the 
curve by Curie shows y=0.242 and a=0.062 
while that of Naidu gives y=0.246 and a=0.066 
cm. The experimental values of a determined in 
this way are in general slightly higher than the 
Cavendish range straggling values, which is to 
be expected. The reasonably close checks indicate 
that the Cavendish tabulation of a is essentially 
correct and, furthermore, that our computed 
ionization curves are in satisfactory agreement 
with the experimentally observed curves in this 
essential feature of slope of the extrapolation line. 
When the experimental curves are compared 
point-by-point with the computed curves for the 
same a the agreement is not as satisfactory, the 
experimental curves in general falling below in 
the region of 0.7 to 0.9 of the peak, and also 
differing in the shape of the tail past the extrapo- 
lated limit. We assume that the slope of the 
front of the curve is less dependent upon variable 
experimental factors than the extreme regions. 

We are now able to compute the mean ranges 
indicated by the ionization extrapolation meas- 
urements of the standards chosen. Using the 
relation x=0.47a—0.006 cm, and values of a 
obtained above from the observed curves we 
obtain the values given in Table I. When the 
Lewis and Wynn-Williams values for relative 
mean ranges are increased by 0.037 cm we 
obtain for the standards 8.570, 6.907 and 3.842 
em, which differ by minimum amounts from the 
computed mean range values. These differences 
are now 0.004, —0.001 and —0.003 cm, less than 
the experimental errors in the ionization measure- 
ments and also less than the relative errors of 
Lewis and Wynn-Williams. In order to preserve 
the relative accuracy inherent in the differential 
ionization chamber data we have chosen to use 
as mean range standards the Lewis and Wynn- 


ALPHA-PARTICLES 35 


Williams values for Th C’, RaC’ and Po, 
increased by 0.037 cm. 

The validity of the various methods for deter- 
mination of mean range is indicated in the case 
of Po. That computed from extrapolated ioniza- 
tion range (Bragg curves) is 3.845 cm; that 
obtained by correcting the Lewis and Wynn- 
Williams relative mean range is 3.842; the value 
obtained from the number distance bias method 
reported in this paper is 3.840 cm; and a direct 
cloud chamber study by Curie gives 3.85 cm. 
These four measurements, obtained by four 
different techniques, are in excellent agreement, 
well within the limits of error. A weighted 
average of these values gives a range of 3.843 
+0.005 cm for Po. It is interesting to note that 
the cloud chamber determination of mean range 
checks the corrected mean ranges obtained from 
electrical measurements. Hence the apparent 
disagreement between ranges of nuclear dis- 
integration particles observed in the cloud 
chamber and with ionization chamber and 
counter techniques was largely a result of the 
low range standards. 

In Table II the corrected values for mean 
range, the probable error in the mean range, 
the straggling parameter, a, the ionization ex- 
trapolated range and the number distance 
extrapolated range are tabulated with the mag- 
netically determined energies. The values in bold 
faced type in Table II are those chosen as 
standards, the starred values are those for which 
measurements were made relative to a standard. 
Unstarred values for the other types of range 
are derived. The computed extrapolated ranges 
are based upon the tabulated values of range 
straggling parameter, a. The set of values A are 
the corrected relative mean ranges of Lewis and 
Wynn-Williams; the set B for the long range 
groups are from Rutherford, Wynn-Williams, 


TABLE I. Determination of mean range standards. 











MEAN RANGE REL. MEAN 
Ion. extr. | Conv. FACTOR STD. RANGE S8TD.: 
RANGE (z=.47a—.006)| (compuTED): (L. & W. W 
“3 Ry—Rm: = +-0.037) 
™e 4) 8.616+0.004 0.050+0.005 8.556+0.007 8.570 
end. 
a C’ 6.9534-0.004 | 0.045+0.004; | 6.908+0.006 6.907 
(Hend.) 
Po 
(Curie) | 3.870+-(0.006)| 0.023+-0.002; | 3.847+0.007 
(Naidu) | 3.868+0.006 | 0.025+0.002; | 3.843+-0.007 
Po (Av.) 3.845+0.006 3.842 
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Lewis and Bowden ;' the U values, C, are those 
reported by Rayton and Wilkins" relative to Po. 
The errors in mean ranges are obtained from 
the stated experimental errors plus the error 
involved in the conversion to mean range from 
ionization range. The values for a@ were taken 
directly from the tabulation by Lewis and 
Wynn-Williams® with the exception of the 
bracketed items which were extrapolated from 
the Cavendish relation of a and mean range. 
The energies of the alphas in the various 
groups have been measured by the magnetic 
deflection method. The energy values in Table II 
are from tabulations by Lewis and Bowden,*’ 
Briggs,? and Rosenblum and Dupouy.** Lewis 
and Bowden base their energy scale upon a 
velocity of (1.9229)+0.002) x 10° cm/sec. for the 
alphas of the 9.907 cm group from Ra C’. 
Briggs, using improved apparatus and a better 
value of e/m for He, has redetermined this 
velocity and finds it to be (1.92148+0.00009) 
X 10° cm/sec. This latter velocity corresponds to 
an energy of (7.6802+0.0006) 10° electron 


TABLE II. Ranges and energies of natural alpha-particles. 















































EXTRAP. RANGES ENERGY 
Srraa. 
MEAN PAR, 
RANGE: | Acc: @: Ioniz: |N-ptst:| (Mev): Acc: 
A: A 5.240* |+0.015 | 0.081 5.272 5.312 
short 
(mean) 
An (long)| 5.692* |+0.015 | 0.087 5.727 5.769 | 6.8235 | +0.014 
AcA 6.457* 0.008 | 0.096 6.496 6.542 
= 4.984* 0.015 | 0.078 5.015 5.053 | 6.2727 0.012 
(short) 
ay 5.429* | 0.015 | 0.083 5.462 | 5.503| 6.6186 0.013 
(long) 
Ac C’ 6.555* | 0.015 | 0.097 6.595 | 6.641 
Tn 5.004* | 0.008 | 0.078 5.035 | 5.073} 6.2818 0.0008 
ThA 5.638* | 0.008 | 0.086 5.672 | 5.714| 6.7744 0.0008 
iy ; 4.730* | 0.008 | 0.074 4.778 | 4.796] 6.0537 0.0007 
mean 
C’ 8.570 0.007 | 0.120 8.616 | 8.676) 8.7759 0.0009 
Rn 4.051* 0.008 | 0.065 4.076 4.109 | 5.4860 0.0005 
RaA 4.657* 0.008 | 0.073 4.685 4.722} 5.9981 0.0005 
Ra C’ 6.907 0.006 | 0.102 6.953 | 6.997| 7.6802 0.0006 
RaF (Po)| 3.842 0.006 | 0.062 3.870 | 3.897) 5.2984 0.0021 
B: yl 7.792* | 0.015 | (0.112) 7.839 | 7.891] 8.2769 0.0033 
(long) 
yd 9.04" 0.02 | (0.125) 9.09 9.15 | 9.0655 0.0037 
(long) 
yg vd 11.51* 0.02 jam 11.57 | 11.64 | 10.5052 0.0043 
(long) 
by hed 9.724* | 0.008 | (0.132) | 9.780 | 9.841] 9.4877] 0.0038 
(long) | 
ThC’ 11.580* 0.008 | (0.15) 11.643 | 11.713 | 10.5379 0.0043 
(long) | 
C:/ UI 2.653* | 0.007 | (0.045) 2.669 | 2.693 
UIl 3.211* 0.007 | (0.053) 3.230 | 3.258 








Bold face =standards. 
*= Measured relative to a standard. 


37 Lewis and Bowden, Proc. Roy. Soc. 145, 235 (1934). 
38 Rosenblum and Dupouy, J. de phys. et rad. 4, 262 
(1933). 
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volts. On this basis Briggs has recomputed 
the energies of the alphas of several groups 
(Rn, Ra A, Ra C’, Tn, Th X, Th A, and Th C’) 
whose relative velocities he had measured. His 
energy values are the ones given in Table II for 
these groups. To get the energies of the alphas 
in the other groups the values of Lewis and 
Bowden and of Rosenblum and Dupouy are 
multiplied by the ratio, 7.6802/7.6830, between 
Briggs’ new Ra C’ energy value and that of 
Lewis and Bowden. Of these latter groups the 
An and Ac C (short and long) were measured by 
Rosenblum,**: *° and the rest by the Cavendish 
group. The probable errors in the table are 
taken from the original papers. 

Geiger*® has reported ionization measurements 
of some 20 alpha-particle groups, giving extrapo- 
lated ranges differing so widely from the Caven- 
dish results that they are difficult to evaluate. 
For example, he reports extrapolated ranges for 
Th C’, RaC’, and Po of 8.617+0.007, 6.971 
+0.004 and 3.925+0.004 cm, respectively, differ- 
ing from the accepted values above by +0.001, 
+0.018 and +0.055 cm in the three cases. In the 
case of Ac A his value is 0.088 cm greater than 
that computed from the Cavendish results 
(Table II), yet he quotes an error of only 
+0.010 cm. In attempting to find a reason for 
these discrepancies we have determined the 
straggling parameter from the slope of the 
extrapolation line of his published curve for 
Ra C’ through the method described above, and 
obtain a value of nearly 0.20 cm. This is essen- 
tially double the range straggling for Ra C’ and 
would result in a much larger extrapolated range 
than that obtained by Henderson. We must 
conclude that Geiger’s high values are due to 
excessive straggling, seemingly differing widely 
from one group to another. The curves reported 
by Geiger contain groups and hence the strag- 
gling cannot be determined at all accurately. 
For this reason Geiger’s curves are not subject 
to the analysis used above and so are not 
included in the tabulation. 


THE RANGE ENERGY RELATION 


The new values for mean range of the natural 
alphas require a small but significant correction 


39 Curieand Rosenblum, Comptesrendus 196, 1663 (1933). 
40 Geiger, Zeits. f. Physik 8, 45 (1922). 
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to the range-energy relation, essentially increas- 
ing the range for all values of energy in this 
region by 0.037 cm. In Fig. 11 is plotted the 
complete corrected relation, based upon the 
natural alpha-particle ranges given in Table II. 
In this region the errors given for mean range 
and energy specify the accuracy of the curve, 
about 0.2 percent in range and 0.1 percent in 
energy. The extension through Mano’s reduced 
range values in the region in which the experi- 
mental curve was matched (about 4 Mev) is of 
somewhat less accuracy, estimated to be about 
0.5 percent at the point of matching. Errors in 
the single particle ionization curve are thought 
to be of the order of +1 volt in bias values; 
the range bias curve obtained by graphical 
integration will be somewhat more accurate due 
to the smoothing inherent in the graphical 
integration process. When matched at zero and 
at 4 Mev the maximum percentage error will be 
in the median region (about 2 Mev). We esti- 
mate +5 kv from zero to 0.5 Mev, 1 percent 
from 0.5 to 2 Mev, and 20 kv from 2 to 4 Mev. 
In addition to the experimental errors, a possible 
variation of the energy loss per ion pair may 
further increase the error in the low energy 
region. 

The range energy relation described above"! 
supercedes the Cornell relation of 1937.9 The 
theoretically determined curve is in close agree- 
ment with the new experimental relation, how- 
ever, agreeing to within its limits of error even 
in the low energy region. The theoretical relation 
for energies above 8 Mev must be corrected for 
the change in the alpha-particle standards. This 
requires the addition of 0.037 cm to the range 
values of the published curves.’ In the extreme 
low energy region the experimental points of 
Blackett and Lees* match the curve with 
reasonable accuracy when corrected by 9 percent 
for the range energy relation used.’ The un- 
published data of Blewett and Blewett on the 
ranges and energies of retarded alphas are in 
reasonable agreement between 3.5 and 5 Mev 
when corrected to the revised Po range standard, 


“A limited number of large scale blue prints of this 
relation are available and may be obtained by addressing 
the senior author (M. S. L.). 
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Fic. 13. Range exponent, n, for alpha-particles as a 
function of energy. n is defined in terms of the logarithmic 
derivative, n = 2d log R/d log FE. Important for thick target 
and angular straggling corrections, 


but lie definitely above the curve at lower 
energies. 

In computing the corrections to experimental 
range data due to thickness of target, angular 
straggling, etc., it is valuable to know the varia- 
tion of range exponent with energy. Bethe® uses 
the logarithmic derivative of the range with 
respect to the energy: m=2d(log R)/d(log £) 
=2(E/R)(dR/dE), and plots a curve of n vs. E 
obtained from the range energy relation available 
at that time. From our range energy and specific 
ionization curves we have determined this range 
exponent; the result is plotted in Fig. 13. The 
curve differs from the previously published curve 
considerably in shape and absolute value in the 
low energy region. The assumption of constant 
range exponent used in extrapolating to the end 
of range shows in the horizontal intercept at 
zero energy, partially justified by the trend of 
the curve within the last 3 mm. 

The authors wish to express their appreciation 
to Professor H. A. Bethe for many helpful sug- 
gestions in the analysis and interpretation of the 
results. The work was partially supported by a 
grant from the Research Corporation. 


® Reference 9, p. 271. 
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The Excitation Function for the Disintegration of Li’ Under Bombardment by Low 
Energy Protons* 


L. J. HAwortHf Anp L. D. P. Kinct 
University of Wisconsin, Madison, Wisconsin 
(Received March 18, 1938) 


Accurate measurements were made of the yields of 8 cm alpha-particles from thick and thin 
films of lithium bombarded by homogeneous beams of protons in the energy range from 38 to 
210 kv. Careful analyses are described whereby the thin film data were reduced to the values 
to be expected from films of infinitesimal thickness, thus allowing a relative calculation of the 
excitation function. From values of the stopping power by other observers the absolute cross 
section of the lithium nucleus for this process was calculated approximately as a function of the 
energy. The curves were extended to 400 kv by applying corrections to previously published 


data of Herb, Parkinson and Kerst. 





ANY investigators!~* have studied the yield 
of 8.4 cm alpha-particles arising from the 
disintegration of Li? by protons in the reaction 
Li7+H'—He'*+He*. At low energies, however, 
little work has been done with metallic lithium as 
a target material and practically none with thin 
films. A notable exception is the thick and thin 
film work of Herb, Parkinson and Kerst® in the 
energy range from 100 to 400 kv. Preliminary 
work, of which this is an extension, has been done 
on thick metallic films in the energy range 45 to 
200 kv by Heydenburg, Zahn and King.* Other 
determinations at low energies mostly concern 
themselves with the yields from thick films of 
lithium compounds. 

It is impossible to calculate the excitation 
function from thick film data alone since the law 
of penetration of the particles into the target 
material is not accurately known. Furthermore 


* Supported in part by a grant for apparatus from the 
Carnegie Institution at Washington and by a grant from 
the Penrose fund of the American Philosophical Society. 

t Now at the Massachusetts Institute of Technology 
(Research Laboratory of Physical Chemistry). 

t Now at Purdue University. 
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the yields from thick films of compounds cannot 
readily be converted into equivalent yields from 
thick metallic films since, as Mano,'® Livingston 
and Bethe," and others have shown, the ratio of 
the penetrations of the protons in two different 
materials is not independent of the energy. 


APPARATUS 


The protons used in these experiments obtained 
their energy by passing down a three foot 
vertical accelerating tube to which were applied 
potentials generated by a Cockcroft and Walton” 
type voltage quadrupler. Potentials were de- 
termined by measuring, with a standard resist- 
ance and potentiometer, the currents through a 
corona-free resistance unit similar to that de- 
scribed by Hafstad, Heydenburg and Tuve.’ 
Detailed descriptions of the voltage generator, 
the proton source, the accelerating tube and the 
voltmeter (together with the method of cali- 
brating it) are given elsewhere," but a_ brief 
description of the capabilities of the apparatus 
will be included here. 

A steady potential in excess of 300 kv is 
available. Small fluctuations (of the order of a 
few tenths of one percent) were continuously 
compensated by a manually operated rheostat in 
the primary circuit of the high voltage trans- 


0G. Mano, J. de phys. et rad. 5, 628 (1934); Ann. d. 
Physik 1, 407 (1934). 

tM. S. Livingston and H. A. Bethe, Rev. Mod. Phys. 9, 
245 (1937). 

#2 J. D. Cockcroft and E. T. S. Walton, Proc. Roy. Soc. 
A136, 619 (1932). 

LL. J. Haworth, L. D. P. King, C. T. Zahn and N. P. 
Heydenburg, Rev. Sci. Inst. 8, 486 (1937). 





Low 


inot 
rom 
ston 
o of 
rent 


tor, 


ali- 
rief 
(tus 


fa 
isly 
t in 
ns- 
. d. 


5. 9, 


~ 





EXCITATION 


former so that the average deviation of the 
potential from the desired value was probably 
negligible. The 60-cycle ripple present is of the 
order of two percent between extremes. 

Very steady, sharply focused, atomic ion 
beams are available in intensities up to 12 
microamperes. By employing the molecular ion 
beams of mass 2 and mass 3, proton intensities 
equivalent to 40 and 60 microamperes respec- 
tively may be obtained. These relatively intense 
molecular ion beams are quite useful in dis- 
integration experiments at low energies where the 
disintegration probability is very low. The 
inhomogeneity of the proton energies is somewhat 
increased by the fact, discussed in detail in 
reference 13, that they do not all originate at 
points of the same potential in the ion source. 
This effect is of importance, however, only when 
very intense beams of atomic ions are used and is 
negligible in the greater part of the present 
experiment. 

For most of the observations the voltmeter 
multiplier consisted of a 15-section unit of 
resistance 3X 10° ohms. However, in the case of 
the five points of lowest energy in the thin film 
studies a smaller unit of six sections was used. 
These multipliers have been carefully calibrated 
in various ways and are believed to be accurate to 
0.1 percent relatively and perhaps 0.3 percent 
absolutely when proper corrections are made for 
temperature variations." 

Details of the disintegration chamber, etc. are 
shown in Fig. 1. The beam, after being deflected 
in the magnetic analyzer, is focused and aligned 
by observing the fluorescence on the quartz plate 
Q. After proper adjustment of the beam, Q is 
removed from its path by rotating the ground 
joint J and the beam is allowed to strike the 
target 7. The latter consists of a film of lithium 
deposited by evaporation from the furnace F 
onto a thick nickel plate. T may be rotated by a 
second ground joint G, a stop being provided to 
assure the proper position for either evaporation 
or bombardment. Rotation of G after the target 
strikes the stop gives, by means of the screw S, 


[It should be mentioned that the data taken with the 
smaller resistance unit were obtained before it was realized 
that there was a dependence on temperature so that no 
temperatures were recorded. However, as will be shown 
later, it is believed that in this particular case any error 
arising from this source is negligible. 
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a horizontal motion to 7'so that different parts of 
the nickel plate may be used for the target 
backing. The usable portion is 1.25 inches in 
length. 

The system for recording the alpha-particles 
consists of the ionization chamber J, a Dunning" 
type linear amplifier, a scale of four thyratron 
counter and a mechanical counter. A cathode-ray 
oscilloscope and a loudspeaker are useful ac- 
cessories. The solid angle included in the meas- 
urements is determined by the aperture d in the 
ionization chamber. Such an aperture 4.76 mm in 
diameter was carefully measured and the solid 
angle computed geometrically. A second, much 
larger, aperture covered with a wire grid was 
used when the counting rate was low. It was 
calibrated empirically by comparison with the 
small aperture. 

Proton currents were measured by observing 
the deflection of a galvanometer attached to the 
target chamber which served as a Faraday cage. 
A visual average of the deflection was made and 
recorded over each thirty seconds. The escape of 
secondary electrons was prevented by a small 
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Fic. 1. The disintegration chamber, etc. Both views are 
normal to the proton beam. 


4 Dunning, Rev. Sci. Inst. 5, 387 (1934), 
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Fic, 2. Thick film fatigue curves. The individual yields 
have been divided by the average yield throughout the 
entire five minutes. The ordinate 1.00 represents the 


average yield. 


electromagnet. In general the currents were very 
steady; the maximum fluctuation in a thirty 
second interval was usually not greater than one 
percent. 


EXPERIMENTAL METHODS AND RESULTS 


Thick film measurements 


It was found, in agreement with other ob- 
servers, that the yield from massive films showed 
a steady decrease with time after evaporation of 
the film. The relative effect was greatest at the 
lowest proton energies. This was interpreted as 
being due to the formation of a thin film of oil or 
other contamination which slowed down the 
protons so that their energy on reaching the 
lithium became less as the layer became thicker. 
After bombardment a brown spot appeared where 
the beam had struck the target, due, probably, to 
a carbonization of the surface impurity.'® The 
fatigue in the yield did not seem, however, to be 
affected by the bombardment itself to any 
appreciable extent. 

Because of this effect only very fresh lithium 
surfaces were used. The lithium furnace was kept 
hot continuously. At the beginning of a set of 
experiments several minutes were allowed for the 
deposition of a thick coating on the target. The 


16 R, L. Stewart, Phys. Rev. 45, 488 (1934). 
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target was then turned into position for bom- 
bardment, the beam turned on and, after thirty 
seconds allotted for making any minor adjust- 
ments, the measurements were begun. These 
continued for five minutes during which the 
counter and the current galvanometer were read 
every thirty seconds. A period of three or four 
minutes was then devoted to evaporating a new 
layer of lithium over the old. The proton beam 
was checked meanwhile and the voltage changed 
if desired. Another five minute run was then 
taken and so on. 

It was necessary after a few days to remove 
and clean the target and, less often, the mica 
window. A careful washing in distilled water 
sufficed in both cases. 

In addition to the precautions taken to ensure 
fresh surfaces, corrections were applied for the 
fatigue occurring during the five minutes required 
to take. the data for each layer. At each energy 
the yields for each thirty second interval were 
calculated and plotted as a function of the time 
after evaporation (see Fig. 2). The resulting 
curve was extrapolated to zero time and the 
intercept taken as the true yield. Reference to 
Fig. 2 indicates that the fatigue effect is greater 
the lower the energy. It was determined graphi- 
cally that the variation of the effect with energy 
was similar to that to be expected from a film of 
impurity of stopping power about 0.2 kv at 115 
kv incident energy. 

TABLE I. Thick film yields Y(E) and collision cross sections 


o(E). These values were read from smooth curves. See 
the text for a discussion of possible errors. 

















| 
Y(E) 
~ | (DISINTEGRATIONS PER PROTON) | o(E) (cm?) 
4 
= } 
= ] — = Pe : 
| H.P.K. H.P.K. H.P.K. | H.P.K. 
H.K. (Uncorr.) | (corr.) |  HLK. (Uxcorr.) | (Corr.) 
36 1.46107" | 2.601073! | | 
40 | 342X107" 5.64 1073! | 
50 | 1.87107! 2.38X 10 | 
60 | 6.50 10-2 6.61X10-® | | 
70 | 1.77X10™" 1.531072 
80 | 3.92X10-11 2.91X10- 


4.90 1072 | 

10X 107!°| 1.30 1071 7.5010" | 7.75X10°% | 8.20 10729 

73107! |4.17X 101 1.68 X 10~% | 1.70 107% | 1.77 10725 
X 107! |9.82X 10719 3.00 107% | 3.04 10725 | 3.08 1078 


90 | 7.71X10""! 
100 | 1.35107! 
125 | 4.201071 














1. 
3. 
150 | 9.83X1071 | 9.0 | 
175 | 1.96109 | 1.845<10-%*|1.97X10-9 | 4.73107 | 4.731075 | 4.78 10-8 
200 | 3.46X10-% | 3.201079 |3.42X10-9 | 6.731072 | 6.78 10-28 | 6.85 107% 
250 8.15X10-% |8.43X 1079 11.10% 1072" | 1.061072 
300 1.671078 |1.69 1078 151X10- | 1.461072 
350 2°90% 1078 |2.95<1078 1.941072? | 1.851072 
400 4.641078 |4.71K 1078 | 2.8510 | 2.25X10% 











* Dr. Herb has asked us to call attention to an error in this value as listed in 
the table in conjunction with Fig. 3 of their paper. The value given was much too 
high to be consistent with their data, the error having arisen when reading the 
value from a smooth curve. 
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The final thick film yields, after correction for 
probe voltage, fatigue, etc. are given in Table I 
and in Fig. 3, curves A and B, where the log of 
the yield"’ is plotted as a function of E~}. Experi- 
mental points are plotted in the figure, but in the 
table are given values read at standard energies 
from a smooth curve. The results of other 
observers are also plotted for comparison. Those 
of Doolittle,’ at energies below 75 kv, were 
obtained from a target believed to be LiOH. The 
observed values were multiplied by four in an 
attempt to compensate for the stopping power of 
the oxygen and hydrogen atoms. Such a method 
is not very accurate since the binding energies of 
the electrons as well as their number becomes of 
consequence at these very low energies. This 
probably accounts for the lack of agreement with 
our own results. 

The high energy end of the curve is shown on a 
larger scale in curve B together with the results of 
Herb, Parkinson and Kerst® (hereafter referred to 
as H. P. K.). There is a marked disagreement 
with their values as published (circles) which is 
greatest at the lowest energies. However, in their 
work the lithium target was not usually used 
until some time (often a day or more) after 
evaporation so that there was ample time for the 
formation of a relatively thick impurity layer. 
The crosses represent an attempt to correct for 
this by assuming the presence of a foreign film of 
stopping power 3 kv at 175 kv incident energy. 
As in our own case adjustment was made for the 
variation with incident energy of the stopping 
power of the impurity film. The assumption made 
is not unreasonable in view of our own experience 
with old films.'!* Furthermore, a few experimental 
points taken by H. P. K. with very fresh surfaces 
are found to agree better with the corrected than 
with the original curve. The agreement of the 
corrected results with those of the present authors 
is very good over the whole range of energies in 
which they overlap; both the yield curves and 
their slopes agree to about one percent except at 
the very lowest energies, where H. P. K. do not 
consider their results very accurate. No explana- 





‘7 Throughout this paper the term ‘‘vield"’ is understood 
to refer to the number of disintegrations per incident 
proton, 

18 It should be mentioned that H. P. K. used a mercury 
diffusion pump and liquid-air trap, whereas an Apiezon 
oil pump without trap was used in the present work. 
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Fic. 3. Thick film yield curves. Erratum: In curve B the 
ordinates indicated are one unit too large negatively. 


tion offers itself for the discrepancy, at the higher 
energies, between the results of H. P. K. and 
those of Hafstad, Heydenburg and Tuve® which 
are shown approximately by the dotted curve. 


Thin film measurements 

The requirement that the surface be relatively 
fresh necessitated the use of a great many thin 
films, about 400 in all. These were formed by 
evaporation onto the nickel backing for a fixed 
time (30 seconds) with a definite heating current 
through the winding of the lithium furnace. By 
moving the target horizontally it was possible to 
deposit and use four films before it became 
necessary to remove and clean the nickel. 

In spite of the utmost precautions it was 
impossible to obtain equal thicknesses for all 
films. For this reason it was necessary to observe 
the yield from each film at some standard 
reference energy(116 kv was chosen) as well as 
at the voltage under consideration. The following 
procedure was adopted. Observations were taken 
for five minutes as in the case of the thick films. 
The voltage was then changed to the reference 
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Fic. 4. Thin film fatigue curves. In each case Y repre- 
sents the average yield, over the first five minutes, from a 
fresh film bombarded at the energy in question. The yields 
for the reference energy are plotted on the right. 


value and the beam readjusted and refocused. 
Great care was necessary that the beam strike 
exactly the same spot on the target at both 
energies.!* A small electromagnet at the top of the 
magnetic analyzer served to give lateral adjust- 
ment. Two minutes were alloted for the adjusting 
process, after which observations were made for 
five minutes at the reference energy. 

The yields for a few characteristic energies are 
plotted as functions of time in thirty second 
intervals in Fig. 4. It may be seen that the yields 
decreased very rapidly during the first few 
minutes and assumed later a more nearly con- 
stant value. It is believed that this fatigue arose 
from two causes: (1) the surface impurity previ- 
ously discussed and (2) an actual thinning of the 
film due to evaporation caused by the heating 
effect of the beam. To this evaporation is 
attributed the rapid decrease in yield during the 
first few minutes. That it did not continue 
indefinitely was doubtless due to the formation of 


19 Neglect of this precaution at one time gave rise to a 
spurious “hump”’ in the thin film yield curve. This effect 
was present at the time of a report given before a Chicago 
meeting of the American Physical Society, Nov., 1936. 
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the impurity layer on the surface. The surface 
impurity has its greatest relative effect at low 
energies, whereas a given change in thickness by 
evaporation should produce its greatest relative 
change in the yields at high energies (since the 
yield does not fall off so rapidly with penetra- 
tion). A careful study was made in which the 
surface impurity was considered the same as in 
the case of thick films. The residual fatigue after 
correcting for the impurity was indeed found to 
be higher at the higher energies to an extent 
about that to be expected if the decrease in 
thickness were the same in all casés. (The beam 
intensity had been adjusted in such a way that 
the energy density on the surface was always 
approximately the same.) It was also found that 
the effect of the fatigue on the yield at the 
reference energy was essentially independent of 
the proton energy used during the first five 
minute period. This was established by the above 
described features of the fatigue and by the 
following additional facts. (1) Films evaporated 
successively and presumably of approximately 
the same thickness gave nearly equal yields at the 
reference energy regardless of the energy used 
during the first period. (2) Reversal of the usual 
order of bombardment yielded the same results as 
the regular method, when calculations to be 
described later were correctly carried out. (3) In 
a number of cases a film was bombarded for a 
short time at the reference energy, following 
which the regular procedure was carried out at a 
spot slightly removed from the first one. The 
ratio of the yields at the reference energy from 
the two spots was found to be independent of the 
energy used during the first five minutes on the 
second spot. 

The combined effect of the impurity layer and 
the evaporation was such as to decrease the 
average yield at the reference point to a value five 
percent lower than it would have been had the 
film not been previously bombarded. It was found 
from thick film studies that the average ab- 
sorbing power of the impurity film during a 
second five minute period was approximately 
0.5 kv, or 0.3 kv greater than during the first 
period. This 0.3 kv change will account for 
about 1 percent in the 5 percent fatigue effect, 
leaving 4 percent to be attributed to evaporation. 

The necessary corrections for fatigue thus 
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consist of: (1) a 0.15 to 0.2 kv decrease in the 
energies at the experimental points; (2) a 4 
percent increase in the yields and a 0.5 kv 
decrease in the energies at the reference point. 
The corrections applied to the reference point 
have, however, only a very slight effect on the 
relative thin film yields calculated from the data. 


Evaluation of the thin film data 


The purpose of a thin film yield curve is to 
make it possible to calculate the disintegration 
cross section of the atomic nucleus, at least 
relatively. A true thin film (or excitation) curve 
should have ordinates proportional to this cross 
section at each energy. If a beam of protons of 
incident energy Eo passes through a film of 
thickness Ax, the yield y(£o) is given by 


yE)=Nf o(Bdx, (1) 


where JN is the number of Li’ nuclei per cm’ and 
o(£) is the disintegration cross section. It is 
obvious that if the proton energy remained 
constant throughout the film the yield would be 
given by 

y(Eo) = No(Ey) Ax. 


In the case of infinitesimally thin films this would 
be true to a high degree of approximation and 
with such films a reduction to constant thickness 
could be made by dividing the various values of 
y(Eo) by the corresponding yields y(Ro) at the 
reference energy. Actually, however, the films 
used were of finite thickness and the reduction in 
energy in passing through them was appreciable. 
The above approximation is therefore not suffi- 
ciently accurate. Proper treatment of the data 
makes it possible, however, to obtain values for 
o(£) X const. at each energy E as follows. 

Let the energy loss of the protons in passing 
through the film be AE. Then we may say 


y(Eo) =N f “o(E)dx = No(E,)Ax, (2) 


where E, is some energy in the interval Ey to 
E,—AE. Then the various y(£o) will, when 
reduced to a constant film thickness, be pro- 
portional to the true cross section at the corre- 
sponding energies £,. 


As a first approximation to the true values for 
E, it was decided to use the mean energy 
E=E,—AE/2. In order to determine the values 
of AE it was necessary to resort to the thick film 
curve. Let the thick film yield at incident energy 
Ey be Y(£_). Of this, an amount y(£o) is the yield 
from a surface layer of thickness Ax equal to that 
of a thin film which yields y(£o) at the same 
incident energy. The difference Y(E»o)—y(£o) is 
equal to the thick film yield at incident energy 
E’=E,—AE. In order to find AE it is only 
necessary to find, on the thick film yield curve, 
the energy E’ at which Y(E’) = Y(Eo) — y(£») and 
obtain AE=E,—E’ by subtraction. This was 
done for all cases, including the reference point. 
The values of Eo and y(Eo) were obtained by 
averaging over the several films used at the 
experimental energy in question. The various 
effective energies E, were then calculated to 
a first approximation from the relationship 
E,. =F= E,)—AE/2. 

The yields were then corrected for film thick- 
ness. To a first approximation this could be done 
by simply dividing y(£o) by the corresponding 
yield y(Ro) at the reference energy. However, the 
values of R, the mean reference energy, were not 
all exactly the same for two reasons: (1) although 
the voltmeter current was always the same, Ro 
varied slightly because of differences in tempera- 
ture and probe voltage; (2) different film thick- 
nesses affected R through AR. It was necessary, 
therefore to apply corrections to the various 
y(Ro). Each y(Ro) was reduced to the value it 
would have had at some standard R. This was 
accomplished as. follows. A number of films for 
which R was practically the same were selected 
and, a curve of y(Eo)/y(Ro) against energy was 
plotted in the neighborhood of the reference 
point. One hundred fourteen kv was chosen as 
the standard value of R and each y(Ro) was 
corrected to this standard by forming the product 


_ y(Ro) X2(114)/2(R) where 2(114) and 2(R) are 


the respective ordinates at 114 kv and R on the 
curve just described. 

A standard film was chosen of such thickness 
that the absorbing power would be 4 kv 
(approximately the average for all films) at an 
incident energy of 116 kv. By inspection of the 
thick film yield curve it was found that such a 
film would give a yield of 4.65X10-" disinte- 
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grations per proton at Ey=116 kv, E=114 kv. 
The final corrected values of the yields were then 
given by 
y(Eo)  2(R) 7 
X 4.65 
y(Ro) 2(114) 
xX 10-" disintegrations per proton. (3) 





i(£) = 


A plot of 9(B) against E gives a first approxi- 
mation to the desired excitation curve. In order 
to determine the accuracy of the approximation 
it is necessary to investigate the extent to which 
E differs from E,, the true effective energy. By 
Eq. (2) the true £, will be the energy such that 


~Az 


| o(E)dx 


o(E,) = 
Ax 


or, in more usable form 


»Eo—AE 
| o(E) (dx /dE)dE 
Eo 


_ Eq—AE 


| (dx/dE)dE 
Eo 





Values of dx/dE were calculated in arbitrary 
units as follows. AE and the corresponding AR 
are measures of the stopping powers of a given 
thin film at incident energies Ey and Ro re- 
spectively, so that 


AE AE/Ax 
AR AR/Ax 


is a measure of the stopping power of that film at 
incident energy Eo in terms of the stopping power 
at incident energy Ro. The various values of 
AE/AR (corrected for the variation in R) are 
thus measures of AE/Ax in arbitrary units. 
Numerical and graphical tests were applied to 
the curve having Ax/AE as ordinates and E as 
abscissae which showed that to a high degree of 
approximation (much better than one percent) 


a 
(= S) 0 at Ea, 


AE E- 
*° That this approximation is a highly accurate one can 
be surmised in another way as follows. Assume that in 


ARG Li. @.. fF. 
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Curves of (dx/dE) at E=E and g(E) were then 
plotted as functions of E and were considered 
(except for proportionality constants) sufficiently 
good approximations to the true curves for 
dx/dE and o(£) to furnish a criterion for the 
accuracy of the relationship EF =EF,. Values at 
corresponding energies read from these curves 
were substituted in Eq. (4) and graphical and 
numerical calculations (in which the propor- 
tionality constants cancel) were performed which 
showed that E differs appreciably from FE, only | 
at the very lowest energies. It is approximately 


0.15 kv too low at 36 kv and _ practically 
correct at all energies above 70 kv.*! 
the narrow energy range AZ a sufficiently accurate approxi- ; 


mation to the range law is given by the relationship 
x=A+CE* where A and C are constant over AE. Then 


Ax = C[(E+AE/2)"—(E-—AE/2)"] 
= CnE™ak[14+(1/24)( n—1)(8—2)(SE/B) 24444], 


whence at E=F i 


(dx/dE) =[Ax/AE][1 — (1/24)(n—1)(n—2) 
X (AE/E)?+ +++ ]=(Ax/AE)(1-6+++). ‘ 
Actually, in our case i varies between 1.5 and 0.5 at 


different parts of the curve. Thus (1/24)(m—1)(m—2) lies 
between —0.01 and +0.03. The highest value in any case 
for (AE/E)? was for the case H=36, AE=4.3 kv, or 
(AE/E)?=0.01 (approximately). Thus we see that 6 is 
of the order of 10~‘ or less and may be considered negligible. 
21 Professor Breit has suggested the following method of 
checking this point. From the curve for 9(£) it is found 
that approximately o(£)=Ce-*!/(#)4 where, in the low 
energy range, k has the approximate value 88 when E£ is 
measured in kilovolts. Furthermore dx/dE varies so 
slowly in comparison with o(£) that we shall consider it 
constant over the thin film for purposes of this discussion. 
Then Eq. (4) becomes 
»E+AE/2 
o(E)dE. 
AE/2 
AE 


Expanding about E£ and integrating, we obtain 





o(E) = 


. = (AE : ni B 
o(E.) =0(B) + “Spo (B)++->. 


Furthermore, letting E.=(£)+<éE and expanding about F 


we obtain ; 
o(E,) =0(E)+o'(L)6bE++4+--- 
Comparison of the two above values for o(£,) yields 
(AE)? o’ '(E) 
. oc "(B) 


Or, by substitution of the assumed expression for o(£) 


. (ASE)? 
6E =——~ (KE-}-3). 
486 , 
In the case of the lowest energy which we used FE =36 kv, 


AE=4.3 kv, whence 





6E= 


bE =0.11 kv, 


in fairly good agreement (below experimental error from 
other sources at these energies) with the directly calcu- 
lated correction. 
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Fic. 5. The excitation cross section. All sets brought 
into agreement at 175 kv. The plus signs show the effect 
of lowering the voltage one percent at both the experi- 
mental and the reference energies. The theoretical curve is 
for the case L=1, U=23 kv. 


The indicated corrections were applied to E to 
give the true £,. A plot of 9(£.) then gave our 
final curve for the excitation function in terms of 
the yield from a film of stopping power 4 kv at 
114 kv. 


Disintegration cross section 


An approximate calculation of the thickness of 
our standard film and hence of the absolute 
cross section was made as follows. Livingston and 
Bethe" give for o., the stopping cross section of 
air, at 175 kv the value 14.9X10-'§ kv cm’. 
From figures given by Mano’’ it is estimated that 
the stopping cross section of Li relative to air at 
the same energy is 0.565. Thus the stopping 
power of Li at 175 kv is given approximately by 


dE ‘dx =0.5650,N’ =0.565 X 14.9 107"8 
X 4.67 X 102 = 3.94 & 10° kv,/cm 


where N’ is the total number of Li atoms per cm‘. 
From our curve of AE/AR it is found that the 
energy absorbed in our standard film at 175 kv 
is 3.7 kv. Hence Ax =3.7/(3.94X 10°) =9.4 10-6 
cm. As the stopping cross section of air and the 
ratio of Li to air are probably more accurately 
known at higher energies, the data of H. P. K. 
(the thin film curve was standardized to ours at 
175 kv) were used at 400 kv to perform a 
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similar calculation. This yielded the result 
Ax =8.35 X 107° cm. 

A value of 8.8X10-® cm was then chosen for 
use in future computations. From this thickness 
and the thin film excitation curve it is possible to 
calculate approximate absolute values of o(£) 
from the equation 


9(E.) = No(E, Ax. 


In this case N=4.31 X10”, the number of Li’ 
nuclei per cm*. 

Experimental values of o(/£) thus computed 
are plotted in Fig. 5°? and listed in Table I. 

The results of Herb, Parkinson and Kerst are 
also given. Two corrections to their data as 
published were considered. (1) The energies 
assigned to the respective vields were shifted so 
as to represent the average energy of the protons 
in the films rather than the incident energy. This 
was done in a manner analogous to that used on 
our own data. (2) The effect of a possible surface 
film was considered. Considerable uncertainty 
exists as to how large this second correction 
should be. Consequently the results are given for 
two cases. In the first no correction was applied. 
In the second the same correction as in the case of 


2 As previously mentioned the data for the five points of 
lowest energy in Fig. 5 were obtained when the small 
voltmeter multiplier was used without making tempera- 
ture observations. Both thick and thin film measurements 
were made with this multiplier at all energies up to 115 
kv. After the installation of the larger multiplier all of 
these were repeated with the exception of the five points 
in question. Because of the very large number of films 
required to obtain sufficient counts at these energies it was 
believed not to be worth while to repeat these. An average 
temperature was assumed, which was based on tempera- 
ture observations in a great many cases after the effect was 
discovered. Any error involved is believed to be negligible 
for the following reasons. (1) Thick film measurements 
obtained more or less simultaneously with the thin film 
measurements in question agreed well with those obtained 
later with the larger multiplier in the energy range from 
36 to 115 kv. The same was true of thin film measure- 
ments in the higher part of this energy range. (2) The 
maximum temperature variation observed was such as to 
allow a maximum uncertainty in the energy of only 0.5 
percent. (3) Any voltage error due to temperature un- 
certainty was largely nullified by the use of a reference 
point. For example, at 36 kv any error present would be 
reduced by a factor of four on this account. It should be 
mentioned in this connection that these points were ob- 
tained by the use of molecular ion beams so that the volt- 
meter currents were of the same order at both experimental 
and reference points. In fact, at energies 36 and 55 kv 
they were exactly the same. The plus signs of Fig. 5 
represent the effect of assuming a one percent error in 
voltage at both the experimental and the reference points. 
Such an error is believed to be outside the possible limits, 
at least in so far as temperature is concerned. 
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the thick films (3 kv at 175 kv) was applied. It 
is seen that the first gives results which seem to 
agree best with our own. However there was 
undoubtedly a film present and the seeming 
agreement without a correction is probably 
fortuitous. It is possible that the slight lack of 
agreement at the low energies when a correction 
is applied is the result of stray counts. Dr. Herb 
has informed us that they had considerable 
difficulty on this account. It should be mentioned 
that the two sets are separately adjusted to agree 
with our own at 175 kv. 


Possible errors 


The errors involved in the present experimental 
work may involve both the yields and the 
voltages. Errors in the counting process itself are 
believed to be negligible in so far as their effect on 
the smooth yield curves is concerned, although it 
is true that at the lowest energies the number of 
counts observed, particularly in the case of thin 
films was not great enough to prevent some 
statistical fluctuation in the individual points. 
The absolute scale of yields in the case of thick 
films is believed correct to one percent. 

Of greater importance are the possible errors 
involving the voltage. The mean energy of the 
incident protons is believed to be known in every 
case to within two or three tenths of one percent 
(except, perhaps, in the case discussed in refer- 
ence 22). However, some error is introduced by 
the inhomogeneity of the proton beam. In the 
case of a symmetrical distribution about the 
mean energy, the inhomogeneity would result in 
slightly too high values of the yields since the 
second derivatives of the yield curves are posi- 
tive. This effect would be worst at the lowest 
energies. As mentioned earlier, the total inhomo- 
geneity is of the order of two percent which at 40 
kv results in a spread of 0.8 kv in the incident 
energies. By assuming as an extreme case that 
the beam consists of two equally intense com- 
ponents 0.8 kv apart it was calculated that this 
would introduce an error of less than one percent 
in the yields. This was not corrected for since it 
was within the limit of other experimental errors, 
corrections for which could not be computed. 

Two additional possible sources of error are 
inherent in the use of films of finite thickness. 
Our development of the data was based on the 
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assumptions that the films were of uniform 
thickness across the area struck by the beam and 
that there was no straggling of the protons in 
passing through the films. Nonuniformity of the 
individual films might introduce serious errors at 
low energies where the yield is a very rapid 
function of the energy. In this case nuclei in the 
lower layers of the thicker spots would contribute 
fewer disintegrations than those nearer the 
surface so that the yield from a given amount of 
lithium would be lower if it were ‘‘bunched”’ in a 
few spots than if it were uniformly distributed. 
At the reference point, on the other hand, this 
effect would be much less marked since the 
dependence of cross section on energy would not 
be so great. Thus the relative yields at the low 
energies would be too small. This effect would be 
magnified by the fact that too small a value for 
y(E,) results in an underestimation of AE and 
consequently too high a value for E,. The 
magnitudes of the possible errors on this account 
are hard to estimate, but they may amount to 
several percent at the lowest energies and are 
probably the most important in the entire 
experiment. ; 
The straggling of the protons in passing 
through the thin film will somewhat increase the 
value of y(Eo). For, since the second derivative of 
o(E) is positive, the extra yield from those 
protons whose average energy through the film is 
greater than E will more than compensate for the 
deficit from those whose average energy is less 
than E. There is, however, a compensating 
factor. There will be straggling to the same extent 
in the thick films as in the thin so that, after 
passing through a surface layer of thickness Ax 
equal to that of the thin film, there will be the 
same distribution in proton energies as on 
emergence from the thin film. Then we may say 


Y(Eo) = y(Eo) + Yo(£), 


where Yo(£) is the thick film yield which would 
be produced by a beam having an energy 
distribution just that of the protons after passing 
through the layer Ax. Now, since d?Y/dE*>0, 


Y(E”) = Y,(E) > Y(E’) 


for a case of symmetrical straggling. Here E’ is 
the mean energy of emergence from Ax and Y(E’) 
is the measured thick film yield_at incident 
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energy £’. Then our measured value of AE is 
given by 
AB ame. - Eo — EF" <E,-—E’ 


and is too small. Thus the measured £, will be 
greater than had there been no straggling so that 
the increase in thin film yield introduced by the 
straggling is accompanied by a compensating 
increase in the energy assigned to that yield. By 
making various simple but exaggerated assump- 
tions as to the straggling and graphically 
integrating o(£)(dx/dE) between the proper 
limits it was found that the two increases 
correspond almost exactly (the net effect on ¢ 
being less than 1 percent). In these integrations 
account must be taken of the fact that dx/dE is 
different for each degree of straggling. 

We may summarize by stating our belief that 
the thick film yield curve (of the authors) is 
accurate to perhaps one or two percent (in the 
yields) over the entire range of energies covered ; 
that the cross section curve (of the authors) is 
accurate relatively to about the same extent at 
the higher energies; but that errors of a few 
percent may enter in the latter at the lowest 
energies, principally because of the possibility of 
nonuniformity in the individual films. The abso- 
lute values of the cross section are, of course, only 
approximate. 

The corrected values calculated from the data 
of H. P. K. may involve somewhat larger errors 
but it is difficult to make an estimation. 


Comparison with theory 


Ostrofsky, Breit and Johnson*’ have calculated 
theoretically the disintegration cross section of 
the lithium nucleus for this process for various 
values of the depth of the potential well. The 
smooth curve of Fig. 5 represents their calcula- 
tions for the case L=1, U=23 Mev which seems 
to give the best agreement. Adjustment has been 
made arbitrarily to bring the values into agree- 
ment at 175 kv. 

The absolute values of o(£) as here plotted are 


*3Ostrofsky, Breit and Johnson, Phys. Rev. 49, 22 


(1936). 


somewhat larger than those arrived at by 
Ostrofsky, Breit and Johnson who used the data 
of H. P. K. in a somewhat different manner. 
Assuming the $ power dependence of proton 
range on energy and a constant value of 0.547 for 
the stopping power of lithium relative to air they 
computed, from the range measurements given 
by Rutherford, Chadwick and Ellis on oxygen, 
air, etc., the value of k; in the equation x=k,F! 
where x is the range. Inserting this in the equation 


400 dx 2400 dx 
¥(400) = f o(E)—dE= Nk: | y(E)—dE 
0 dE J 9 dE 


and using for Y(Z) and y(£) the experimental 
values of H. P. K. they computed numerically 
the right hand integral and evaluated ke by a 
comparison with Y(400). Values of o(£) were 
then found through the relationship o(£) 
=key(E). In this way they arrived at a value for 
7(400) some 30 percent lower than that of the 
present calculations. The difference is caused 
principally by their assumption of the law of 
range which, as they have pointed out, makes 
their computations somewhat in error. The 
corrections applied to the data of H. P. K. are of 
little moment in this connection, being, in fact, in 
such a direction as to reduce the difference in the 
absolute values. 

It is seen that the relative agreement of 
experiment and theory is quite good except at the 
very lowest energies. The discrepancy is in the 
direction to be expected from errors in the data 
due to nonuniformity of the thin films. 

It is a pleasure to express our gratitude to 
Professor G. Breit for much aid and encourage- 
ment and to Drs. Herb, Parkinson and Kerst for 
the use of their original data. We are also 
indebted to Professor H. B. Wahlin for helpful 
suggestions, to Messrs. G. Ragan and R. Syrdal 
for aid in the making of observations, and to Drs. 
N. P. Heydenburg and C. T. Zahn who began the 
research and constructed much of the apparatus. 

We gratefully acknowledge the grants de- 
scribed at the beginning of this article. 
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The Stopping Power of Lithium for Low Energy Protons 


L. J. HAwortH* Aanp L,. D. P. Kinct 
University of Wisconsin, Madison, Wisconsin 
(Received March 18, 1938) 


The stopping power of lithium for protons as a function of energy has been calculated in the 
energy range 35 to 400 kv from measurements by Herb, Parkinson and Kerst and by the 
authors of the yields of 8 cm alpha-particles from thick and thin films of lithium. The absolute 
scale of units is based on an extrapolation of values given by Mano for the stopping power at 
energies above 500 kv. Integration of the reciprocals of the stopping power provides, except for 
a constant of integration which may be estimated, a knowledge of the range law as a function 


of energy. 





LTHOUGH some work has been done,' little 
direct experimental information is available 
on the stopping power of substances for protons, 
etc. at energies much below 500 kv. 
Consequently the authors have felt that calcu- 
lations they have performed, based on the yields 
of 8 cm alpha-particles from thick and thin films 
of lithium might prove of interest. The data 
used were those of Herb, Parkinson and Kerst? 
and of the authors® and cover the energy range 
from 35 to 400 kv. 
The number of disintegrations per incident 
proton from a massive target (thick film) at 
incident energy Eo is given by the equation 


0 dx 
Y(E,)=N | o(E)—dE, 
Eo dE 


where N is the number of Li’ nuclei per cm’, 
o(E) is the disintegration cross section at energy 
E and dx/dE is the reciprocal of the stopping 
power. By differentiation, we obtain 


dx dE No(£) 
—-=No(E)— or —=——. 
dE dE dx dY/dE 
o(£) has been computed over the entire energy 


range in the preceding paper from the experi- 
mental thin film yields. In order to calculate 


* Now at the Massachusetts Institute of Technology, 
Research Laboratory of Physical Chemistry. 

t Now at Purdue University. 

1 The best is, perhaps, that of Blackett and Lees on air, 
Proc. Roy. Soc. A134, 658 (1932) and of Parkinson, Herb, 
Bellamy and Hudson on air and aluminum, Phys. Rev. 52, 
75 (1937). 

2?Herb, Parkinson and Kerst, Phys. Rev. 48, 118 
(1935). 

3 See the preceding paper. 


dY/dE, AY /AE was determined graphically from 
the thick film yield curve (by the use of a large 
scale log Y versus E~' curve) for energy intervals 
of 4 kv. These values were found to represent 
sufficiently well the values of dY/dE at the mid- 
points of the energy intervals except at the very 
lowest energies where it was necessary to apply 
slight corrections similar to those made by 
Haworth and King in computing the effective 
energy of the protons which pass through the 
thin films. It should be mentioned that the 
absolute values of the calculated disintegration 
cross sections were dependent upon a knowledge 
of the thickness of the thin films used, which 
thickness was computed by extrapolating data 
given by Mano‘ on the stopping power of lithium 
at energies above 500 kv and by applying at a 
few points a process which was the reverse of 
that of the present paper. 

The values of dE/dx thus obtained are plotted 
against the energy in Fig. 1, and listed for a few 
energies in Table I. As discussed in the preceding 
paper it was necessary to apply corrections to 
the data of Herb, Parkinson, and Kerst on 
account of the impurity film which collected on 
the film surfaces in the time which elapsed be- 
tween evaporation and the making of the obser- 
vations. In the case of thick films the stopping 
power of the impurity film could be estimated 
from the disagreement, in the absolute values of 
the yields, with our own observations which were 
made on fresh films. No such criterion was 
available, however, in the case of thin films. 
For this reason two sets of computations were 


4G. Mano, Ann. d. Physik 1, 407 (1934). 
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made. In the first of these no correction whatever 
was made. In the second the same correction 
was applied as in the case of thick films (3 kv at 
175 kv). As the values of o(£) seemed to agree 
with our own better in the first than in the second 
case it is probable that the true value lies some- 
where between. The values of ¢(£) were adjusted 
to give agreement between all sets at 175 kv. 
The slight difference in the values of the stopping 
powers at this energy is due to a difference in 
the values of dY/dE between the two sets of 
observers. 

The results were computed as though for a 
film of constant stopping power (AE constant). 
Included for comparison in Fig. 1 (squares) are 
values computed by King and Haworth for a 
film of constant thickness (AE/AR of their 
paper). The staggering is due to the fact that 
they were calculated directly from the data 
without any smoothing, whereas the present 
calculations were based on values read from 
smoothed curves. 

The dashed curve of Fig. 1 was obtained from 
that of Livingston and Bethe® for air, after 
approximate adjustment was made for the rela- 
tive stopping power of lithium and air according 
to Mano.‘ The greater steepness of our curve at 
low energies may be, perhaps, the result of the 
effect of nonuniformity of the thin films used. 
As shown in the preceding paper this would 


TABLE I. Our own values have been used up to 200 kv and 
above that energy the mean of the two sets from Herb, Parkinson 
and Kerst. The last figure in each case is added only for the 
sake of internal consistency. 








dE/dx RANGE 
E (Kv) (KV/cM X 1075) (cm X 104) 

36 3.40 1.80 
40 3.57 1.93 
50 3.86 2.19 
60 4.02 2.44 
70 4.20 2.68 
80 4.32 2.93 
90 4.47 3.16 
100 4.54 3.38 
125 4.51 3.92 
150 4.34 4.50 
175 4.18 5.06 
200 4.05 5.68 
250 3.46 7.00 
300 3.02 8.56 
350 2.79 10.38 
400 2.62 12.28 


5 M.S. Livingston and H. A. Bethe, Rev. Mod. Phys. 9, 


245 (1937). 
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Fic. 1. The stopping power as a function of energy. 
Legend: Solid dots, Haworth-King, from smoothed yield 
curves; squares, Haworth-King, from measurement of 
AE/AR; crosses, H. P. K. no correction to thin film yields; 
circles, H. P. K. thin film voltages lowered (3 kv at 175 
kv); dashed curve Livingston-Bethe, reduced to lithium 
according to Mano. 


result in too small values for o(£) to an increasing 
extent as the energy is lowered. The same 
effect would, of course, be exerted on the com- 
puted values of the stopping power. 

Another error producing the same sort of 
effect results from the straggling of the protons 
in passing through the lithium. In calculating AY 
we have used the relationship A Y = Y(E») — Y(E’) 
where E’=E,—AE and we have assumed that 
AY is the yield produced by protons all of which 
lose energy AE in the process. Actually, however, 
when the mean energy loss is AE there is a 
distribution of energies so that the above equa- 
tion should be replaced by AY= Y(Eo) — Yo(£) 
where Y (£) is the yield that would be produced 
by an incident proton beam having just the 
distribution of energies that our beam has 
after suffering a mean energy loss AE. Now 
for symmetrical straggling Yo(#)>Y(£’) since 
@Y/dE?>0. Then 


Y(Eo) — Y(E’) > Y(Eo) — Yo(£) 


and we have overestimated AY and consequently 
underestimated dE/dx. This effect will be pro- 
nounced only at the lowest energies. 

In order to calculate the order of magnitude 
of this effect let us consider as a simple example 
that when the mean energy loss is AE there are 
two equally intense groups of protons of energies 
Eo—AE+6E and E,—AE—6E, respectively. 
Then 


Y.(E) =3[ Y(Ev.—AE+6E) + Y(Eo—AE-—5E)]. 
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Fic. 2. Range-energy curve. 


From an equation of Livingston and Bethe’ it is 
calculated that the mean square deviation from 
the mean energy loss for the case Ey=42 kv, 
AE=4 kv is approximately 3 kv? or 6£ is 
1.7 kv. As an extreme case we will use /E=2 kv. 
Then E’=38 kv; Ey -AE+6E=40 kv; Ey—AE 
—6E=36 kv. To obtain the various Y’s it is 
sufficiently accurate for this purpose to use our 
thick film yield curve. We find, in units of 10-” 
disintegrations per incident proton: Y(36) = 1.46; 
Y(38) =2.27; Y(40) =3.42; Y(42) =5.01. Then 


Y(42) — ¥(38) =5.01—2.27=2.74, 
Y¥(42) — Yo(E) =5.01 —3(3.42 —1.46) =2.57 


or a difference of about six percent. A similar 
calculation at 70 kv shows a difference of 2.5 
percent, etc. 


6 Reference 5, Eq (788). 
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Because of the indefiniteness no corrections 
were applied for this effect. It seems safe to 
say, however, that the errors on this account 
cannot at the most exceed five or six percent 
even at the very lowest voltages and that they 
decrease rapidly as the voltage is increased. 

In Fig. 2 is plotted a range-energy curve ob- 
tained by numerical integration of a smooth 
curve of dx/dE against E. For this purpose 
calculations were made from the solid curve of 
Fig. 1. The unknown integration constant, 
representing the range below 36 kv, was approxi- 
mated by extrapolating the stopping power 
curve to zero energies before taking the recip- 
rocals. This checked well with values arrived at 
by extrapolating the range curve itself without 
any assignment of the integration constant. 

For comparison the curve of Blackett and 
Lees! (as corrected by Livingston and Bethe®) 
for air has also been plotted. It is seen that this 
curve, as does the dashed curve of Fig. 1 indicates 
a maximum stopping power at a somewhat 
lower energy than in our own case. Measure- 
ments of Parkinson, Herb, Bellamy and Hudson! 
are also included. Their data show a somewhat 
shorter range than do those of Blackett and Lees. 

The authors are deeply grateful to Professor 
G. Breit for much valuable advice. We are also 
indebted to Messrs. G. Ragan and R. Syrdal for 
assistance in some of the numerical calculations. 
One of us (L. J. H.) acknowledges with gratitude 
the receipt of a grant from the Wisconsin Alumni 
Research Foundation during part of the time 
that the work was being done. 
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ions Radioactive Isotopes of Iron 
2 to ' 
unt J. J. Livincoop, Radiation Laboratory, Department of Physics, University of California 
cent AND 
they | G. T. SEABORG, Department of Chemistry, University of California, Berkeley, California 
| (Received May 10, 1938) 
ob- 
0th Radioactive Fe®* has been produced through the reactions Fe®'(d, p)Fe®* and Co®*(n, p)Fe®*; 
pose | the half-life is 47+3 days. The emitted particles are negative electrons, most of which have a 
e of range of 0.09 grams/cm? Al, while a small number extend to 0.35 grams/cm? Al. The gamma-ray 
-_ shows a half-thickness of 10 grams/cm* Pb. Radioactive Fe** is formed by the two processes 
| ar Fe*(n, 2n)Fe®3 and Cr®°(a, n)Fe®*; positrons are ejected with a half-life of 8.9+0.2 minutes. 
Ox- No subsequent decay of Mn** to Cr*s has been observed. No activity corresponding to Fe® has 
wer been detected, although Cr, Mn, Fe, Co and Ni have been bombarded with protons, neutrons, 
cip- deuterons and alpha-particles in all the combinations that might be expected to produce this 
j at isotope; it is concluded that Fe® is either stable or has a very long or a very short life. 
out — | 
and INTRODUCTION 100 microamperes at 3.2 Mev and alpha-particle 
he® — , currents of 0.5 microampere at 16 Mev. Sheet 
he j VIDENCE is here presented for the pro- . ‘ gl ; 
this : : WE iron of known purity from various sources was 
duction of a new negative electron emitting : 4 
ates | ay ; : used ; this was often simply screwed to the water- 
) radio isotope of 47+3 days half-life ascribed to : 
hat ee eee : 1 oe ~ 5, cooled target holder, but for the more energetic 
Fe*’, which is made by the reactions Fe®'(d, p)Fe ; ; 
ure- | a 7 a : ; bombardments the periphery of the iron was 
ae and Co®**(n, p)Fe**, and for a positron emitter of .. ; : eee cul 
on | : ; : mm directly soldered to a cooling pipe. C.P. oxides 
h 8.9+0.2 minutes half-life assigned to Fe, pro- 
at " me od of manganese, cobalt and chromium were 
ees Sues Oy the process Fens, 2njre", Wen oon- supported generally behind a 0.0005-inch foil of 
ve firmation of the alternative mode Cr°°(a, 2)Fe*. niet. wel ; ; 
sor commercial aluminum; more recently (to avoid 
ilso recoil i iti om the foil) these powders 
Seeenine ecoil impurities fr the ) these pr ders 
or : have been sprinkled onto a sloping corrugated 
ns. Activations were made with the Berkeley block of carbon. The radioactivities were meas- 
ude cyclotron, with deuteron currents of 100 to 20 ured with a quartz fiber electroscope equipped 
nni microamperes at 5 to 8 Mev, proton currents of with a window of 0.0001 inch aluminum. An 
ime activity of 1 division per second corresponds 
2 ° . 

' ' ' ! i‘ roughly to 1 microcurie. The background 
activity, equal to about 0.001 divisions per 
second, has been subtracted in all the data shown. 

o 
e . re~ 47 DAYS HALF~LIFE 7 
= 08 + Iron Activity OF 47 Days HALF-LIFE FROM 
: aa " y Fe+D 
$ EE Figure 1 shows the decay curve of iron 
ie 7 chemically separated from iron bombarded with 
> 5.5 Mev deuterons for about 170 microampere 
4 ™ hours. The half-life is 47+3 days, this value 
< of FROM CO+n ———> superseding the 40-day figure given in a pre- 
ee) liminary communication.' 
The bombarded iron was dissolved in a mixture 
‘ | ! of HCl and HNO; , and small amounts of MnCl, 
26 50 75 100 125 150 i7s 


_— 1 Livingood, Seaborg and Fairbrother, Phys. Rev. 52, 


Fic. 1. Decay curves of Fe®’. 135 (1937). 
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Fic, 2. Absorption curves of Fe. 


and CoCl, were added to serve as carriers for 
the transmutation products. NaH2PO, was also 
included to take care of the radio-sodium and 
radio-phosphorus generally present. The solution 
was made 6N in HCl and the iron was extracted 
as FeCl; by shaking with an equal volume of 
ether, according to the method of Noyes and 
Bray.’ The ether containing the FeCl; was then 
always shaken with four or five successive 
portions of equal volumes of 6N HCI in order to 
remove all traces of radio Mn and Co. The 
complete absence of the very strong 18-hour Co 
and 2.6-hour Mn activities! in the iron fraction 
showed that this method offered a very good 
separation. 

In some cases the FeCl; was converted into 
Fe,O; after the separation, since it was found 
that Fe,O; suffered fewer physical and chemical 
changes over a long period of time and so 
afforded better decay curves. 

The iron was separated by an entirely different 
method on several occasions. Fe(OH); was 
precipitated (after the removal of the manganese 


2 Noyes and Bray, Qualitative Analysis for the Rare 
Elements (Macmillan Company, 1927). 
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as MnO:) by the addition of NH,OH to a 
solution which contained a high concentration 
of ammonium ion. With this technique it was 
necessary to redissolve and reprecipitate the 
Fe(OH); four or five times in order to effect a 
complete separation from cobalt. The iron 
fraction obtained in this manner showed the 
same 47-day activity as obtained in the ether 
extractions. 

The absorption in aluminum of the 47-day 
activity is shown in Fig. 2. (These data were 
taken with a much stronger sample than that 
shown in Fig. 1.) The majority of the electrons 
have a range of about 0.09 grams/cm’, while a 
weak tail extends out to 0.35 grams/cm?. By the 
use of Feather’s relation? (E=R+0.091/0.511 
where the energy £ is in Mev and the range R 
is in grams/cm?) the energies of the two groups 
are found to be 0.4 Mev and 0.9 Mev. With 
the range-energy relation of Widdowson and 
Champion (wherein the two constants of 
Feather’s equation are altered to 0.165 and 0.536) 
the energies are about 0.5 and 1.0 Mev. 

The gamma-ray absorption is also shown in 
Fig. 2, indicating a half-thickness of 10 grams/ 
cm? Pb, which corresponds to an energy of 
about 1 Mev from the data of Gentner.® 

The sign of the particles has been observed to 
be negative, by the use of simple magnetic 
deflection through air and also by a cloud 
chamber with magnetic field and by a trochoid 
analyzer, for which we are indebted to Dr. F. 
N. D. Kurie and Dr. E. Lyman. 


Iron Activity oF 47 Days HALF-LIFE FROM 


Co+n 


Several grams of C.P. cobalt oxide were left 
for three months in close proximity to the target 
chamber of the cyclotron in order to receive the 
neutrons released from the bombardment with 
deuterons of beryllium or other targets. A 
chemical separation for manganese, iron and 
cobalt was made, and an activity of approxi- 
mately 47 days half-life was found in the iron 
fraction, as previously reported.'! It was not 
possible to check the sign of the particles in this 


3 Feather, Phys. Rev. 35, 1559 (1930). 

4 Widdowson and Champion, Proc. Phys. Soc. 50, 192 
(1938). 
’ Gentner, J. de phys. et rad. 6, 274 (1935). 
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weak sample. The decay curve is shown in Fig. 1. 
That the activity is really due to a transmutation 
of cobalt and not to iron impurity in the cobalt 
oxide, is attested to by the fact that the 47-day 
period has not been obtained from direct bom- 
bardment of iron with neutrons (see below). 


IDENTIFICATION OF THE 47 Day ACTIVITY 
WITH Fe*’ 


Figure 3 shows the percent abundance of the 
stable Cr, Mn, Fe, Co and Ni isotopes as quoted 
by Livingston and Bethe.® It is at once apparent 
that only Fe®* can be negative electron active. 
Furthermore, the only radio-iron that can be 
made from cobalt with neutrons is Fe*’, so that 
we are justified in ascribing the 47-day activity 
to this isotope. The two transmutations are 


os e*®8+ ,D?—> oF e** + 1H! 
and o7Co*? + on! oF e** + 1H. 
Each is followed by 
oF e®’—2;,Co**+_,e° (47 days). 


It might reasonably be expected that this 
activity should also occur after neutron bom- 
bardment of iron through Fe®’(n, y)Fe®*, but we 
have been unable to detect the effect, even when 
borings were taken from the iron pole pieces of 
the cyclotron which had received neutron bom- 
bardment for many months. This may be 
understood from the very small abundance of 
Fe®S (0.5 percent) and the relatively small 
number of neutrons compared to deuterons. 

Andersen’? has reported a 3-day activity, 
following neutron irradiation of cobalt, said to 
be chemically identified with iron. We have not 
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Fic. 3. Percent abundance of isotopes in the neighbor- 
hood of iron. Radioactive isotopes, with their half-lives, 
are encircled, the broken lines indicating the reactions by 
which they are produced. 


6 Livingston and Bethe, Rev. Mod. Phys. 9, 380 (1938). 


7 Andersen, Nature 138, 76 (1936). 
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detected this period on any occasion and are 
inclined to believe it to represent a poor determi- 
nation of the 47-day activity, probably because 
of the weakness of the source. 

The bombardment of nickel with neutrons 
has thus far failed to produce the 47-day period, 
although the reaction Ni®®(n, a)Fe®® might be 
expected. Ni® is present to only 3.8 percent, 
which may account for this failure. 


IRoN Activity oF 9 Minutes HALF-LIFE FROM 
Cr+He 


Henderson and Ridenour® have reported a 
radioactive iron of 8.9+0.3 minutes half-life, 
which emits positrons, and which is produced by 
bombarding chromium with electrically acceler- 
ated alpha-particles of 9 Mev energy. They also 
find an electron emitting manganese isotope of 
2.66+0.25 hours half-life as a result of the same 
bombardment and ascribe it to the well-known 
Mn** isotope, according to the reaction 


Cr®*(a, p)Mn**, 
8 Henderson and Ridenour, Phys, Rev. 52, 889 (1937). 
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We have repeated this experiment with 16 
Mev alpha-particles and confirm their results in 
every essential particular. Our values for the 
half-lives are 8.9+0.2 minutes and 2.60+0.05 
hours. The decay curves are shown in Fig. 4, 
both for chemically separated iron and for an 
untreated sample which shows both the iron 
and manganese periods. 


IRON ACTIVITY OF 9 MINUTES HALF-LIFE FROM 
Fe+Fast NEUTRONS 


We have not observed any activities ascribable 
to iron when bombarding this metal with neu- 
trons from Be+D, but when the fast neutrons 
from Li+D are used, the 9-minute decay is 
obtained. If no chemical separation is made, the 
activity is composite, the 9-minute period is 
superimposed on the 2.6 hour Mn’*® period. 
The Mn** is formed on this occasion by 
Fe®®(n, p)Mn**. The decay of the separated iron 
is shown in Fig. 3. 


IDENTIFICATION OF THE 9-MINUTE ACTIVITY 
WITH Fe*® 


Henderson and Ridenour assigned the 9- 
minute positron emitting isotope to either 
Fe® or Fe through the two alternatives 
Cr®°: 2(@, n)Fe®: >, With the former choice, the 
difficulty arises as to the fate of the radio-Mn*™ 
which must be formed by the decay of Fe*’, 
since no second period was observed. We also 
have been unable to find any evidence of the 
decay of Mn*®, but in spite of this we believe 
the 9-minute activity to be due to Fe®* rather 
than to Fe® because : 


(1) it is not produced by deuteron or slow neutron 
bombardment of Fe, 

(2) it is produced by fast neutrons on Fe, 

(3) attempts to produce Fe® by other reactions have not 
disclosed a 9 minute activity (see below). 


We therefore conclude that the 9-minute 
period is formed by 


ogCr®?+ 2He*— Fe + on! 
and by og e*4 + 9n!—rog,F ee + 2on!, 
followed by 


»Fe*®—,;Mn*+,e° (8.9 minutes), 
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while the decay of Mn® to stable Cr*® is still 
undetected. 

It is interesting to note that this fast neutron 
effect on iron has a half-life almost identical with 
the 8 to 10 minutes given by Clay and his 
associates when reporting’: !° an activity in- 
duced in iron by cosmic rays. Recently Ramsey 
and the Montgomerys'! have endeavored to 
repeat this cosmic-ray experiment, but were 
unable to confirm the effect. 


SEARCH FOR Fe® 


We have not found any iron activity after 
bombarding iron with protons at 3.6 Mev, 
although the transmutation Mn**(p, n)Fe® might 
be expected. DuBridge and his associates have 
also made this experiment using 4 Mev protons 
and also report negative results.” 

Only the reaction Mn**(d, 2”)Fe® could lead 
to radioactive iron if manganese is exposed to 
deuterons. We have made this attempt on 
several occasions, but have not obtained any 
activities definitely attributable to iron. 

The bombardment of chromium with alpha- 
particles could give Cr**(a, 2)Fe®, but the only 
iron period we have observed is the 9-minute one 
which has been assigned to Fe*™* (see above). 

Activation of cobalt with deuterons might 
be expected to produce Fe® by the reaction 
Co*"(d, a)Fe®, but no iron activity has been 
found after a number of such attempts. 

We have not found any iron periods after 
irradiating iron with slow neutrons and only the 
9-minute period is disclosed when using fast 
neutrons. On one occasion the iron separated 
from a deuteron bombardment of iron was 
placed directly inside the electroscope, in case 
the radiations from Fe® should not be able to 
penetrate the 0.0001-inch aluminum window; 
nothing but the 47-day period was observed. 

Darling, Curtis and Cork" and ourselves! have 
found an 18-hour positron emitting cobalt isotope 
produced by deuterons on iron. This has been 


® Clay and Van Tijn, Physica 4, 909 (1937). 

10 Clay and Jonker, Physica 5, 171 (1938). 

" Ramsey, C. G. and D. D. Montgomery, Phys. Rev. 53, 
196 (1938). 

+2 DuBridge, Barnes, Buck and Strain, Phys. Rev. 53, 
447 (1938). 

8 Darling, Curtis and Cork, Phys. Rev. 51, 1011 
(1937). 
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presumed to be Co*, formed by Fe*(d, 2)Co®. 
A second activity growing in the cobalt should 
be observed, if this is the case, as Co® decays to 
Fe® and this in turn to stable Mn®. We have 
made very rapid separations of iron from radio- 
cobalt when the 18-hour activity was exceedingly 
strong, hoping to detect a shorter lived iron, 
but nothing was found. This procedure has been 
repeated at a much later time, in case Fe® had 
a considerably longer life which would require 
more time for it to grow to an observable 
amount, but again with negative results. 

The existence of a positron emitting cobalt of 
several months half-life (formed from deuterons 
on iron) has been announced.' The possibility 
was considered that this isotope might be Co® 
and hence might be the source of Fe®. Iron has 
been separated from such cobalt samples of 
various ages, from a few days to several months, 
but again without disclosing any evidence for 
Fe®. 

We must therefore fall back on the usual 
conclusions in such cases: Fe® is stable, or it 
has a very short or a very long lifetime. (We 
are continuing to follow some of our iron samples, 
in case an activity longer than 47 days should 
ultimately appear.) 


DETECTION OF GALLIUM IMPURITY IN IRON 


During the course of the deuteron bombard- 
ments of iron, there were repeatedly obtained in 
the ether extract of FeCl; not only the 47-day 
period but also weak activities of 18 to 25 
minutes and 14 to 20 hours half-lives, both 
emitting negative electrons. These activities 
were so feeble as to make it extremely unlikely 
that they should be ascribed to iron. Therefore 
possible impurities in the iron were considered 
which could give these periods and whose 
chlorides would be extracted in the ether. GaCl; 
would be so extracted, and the periods of gallium 
under slow neutron bombardment have been 
given by Amaldi™ as 20 minutes and 23 hours. 

A chemical separation of gallium and iron 
was made after another deuteron bombardment 


4 Amaldi, D’Agostino, Fermi, Pontecorvo, Rasetti and 
Segré, Proc. Roy. Soc. A149, 522 (1935). 


of iron. A little gallium was added to the acid 
solution of activated iron, as well as the usual 
manganese and cobalt. Since FeCl, is not soluble 
in ether, the iron was reduced to this form by 
the addition of mercury, and the GaCl; was then 
extracted with ether from a solution 6N in HCl. 
The FeCl, was then oxidized to FeCl; with 
HNOs, and the FeCl; was separated from the 
Mn and Co by extraction with ether. The iron 
fraction showed only the 47-day period, while 
the gallium exhibited periods of 23 minutes and 
14 hours. In as much as this was not in total 
accord with the results of Amaldi, we felt it 
desirable to activate gallium with slow neutrons 
for an independent check. This was done and a 
chemical separation for gallium, zinc and copper 
was made. The gallium fraction showed half-lives 
of 23 minutes and 14 hours. These figures are 
in close agreement with the 20 minutes and 
14.1 hours quoted by Sagane,’ who activated 
gallium with slow neutrons but without benefit 
of chemical identification. 

The relative intensities of these gallium and 
47-day iron activities, together with the known 
isotopic abundances and the duration and in- 
tensity of the bombardments, allows an estimate 
to be made of the amount of gallium present in 
the iron, on the assumption that the cross section 
for capturing the neutron out of the deuteron is 
the same for gallium as for iron. For example, 
one iron sample showed a gallium content of 6 
parts in 10°. One tenth this much could have 
been detected readily. 

A number of other weak activities, due to 
impurities, have been found in some of the 
other bombardments discussed above. In certain 
cases identification has been possible, while in 
others no positive assignment has as yet been 
made. 
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16 Sagane, Phys. Rev. 53, 212 (1938). 
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Majorana has recently shown by using a special set of 
Dirac matrices that the symmetry properties of the Dirac 
equations make possible the elimination of the negative 
energy states in the case of a free particle. We present here 
a further investigation of this possibility, in a treatment 
based on an arbitrary Hermitian representation of the 
Dirac matrices instead of Majorana’s special representa- 
tion. The new procedure is compared with Schroedinger’s 
early attempt to eliminate the negative energy states. The 
question of Lorentz invariance is discussed, and also the 
possibility of subjecting the particle to forces; it is found 
that the only sort of force having a classical analogue which 
is consistent with Majorana’s way of eliminating the nega- 
tive energy states is the nonelectric force of a scalar po- 
tential. The theory is worked through for this case, and it 
is pointed out that, in spite of the fact that the exclusion of 
negative energy states is accomplished without the intro- 


duction of antiparticles, the formalism still shows the 
stigmata associated with subtraction theories of the posi- 
tron: the presence of otiose infinite terms which should be 
removed by subtraction, and the creation and destruction 
of pairs of particles. The application of Majorana’s formal- 
ism to the theory of 8-radioactivity is discussed at the end 
of the paper. Here the physical interpretation is quite 
different from that of the ordinary theory, since only 
neutrinos appear instead of the neutrinos and antineutrinos 
of the usual picture. The results predicted for all observed 
processes are nevertheless identical with those of the 
ordinary theory. An experimental decision between the 
formulation using neutrinos and antineutrinos and that 
using only neutrinos will apparently be even more difficult 
than the direct demonstration of the existence of the 
neutrino. 





Il. INTRODUCTION 


N a recent paper! Majorana has presented a 

derivation of a symmetrical theory of the 
electron and positron from a new type of varia- 
tion principle whose use depends essentially on 
the fact that the quantities involved are q- 
numbers. In spite of this novel approach, the 
positron theory he obtains is essentially just a 
subtraction theory of the simplest type; but 
Majorana also showed how his ideas can be 
applied in the theory of the neutral particle to 
obtain a formalism essentially different from 
that of the ordinary Dirac theory. Qualitatively 
the difference appears in the number of states 
having the same momentum. In the Dirac 
theory as used at present there are four such 
states, corresponding to two alternatives for the 
spin orientation and to the possible existence of 
both the particles in question and their “anti- 
particles’ —e.g., neutrinos and antineutrinos. In 
the Majorana theory there are just two states 
for a given momentum, corresponding to the 
two possibilities for the spin: there are no 
“antiparticles” and, in the final formulation, 
no mention of negative energy states. 


1E. Majorana, Nuovo Cimento 14, 171 (1937). 
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As has been remarked by Racah,? a theory of 
Majorana’s type cannot very reasonably be 
supposed to hold for neutrons because of their 
unsymmetrical relation to the two signs of 
charge and their possession of a magnetic 
moment. For the neutrino, however, the Major- 


ana theory is a priori just as acceptable as the 


ordinary Dirac theory. It is interesting to find 
that it is possible to accomplish all the purposes 
for which the neutrino theory was devised, 
including the discussion of both electron emission 
and positron emission, without the introduction 
of antineutrinos. This point will be discussed 
further in the concluding section. 

The main formal developments of the present 
paper are concerned with the generalization of 
the theory to allow the use of an arbitrary 
Hermitian representation of the Dirac matrices, 
instead of the special sort of representation to 
which Majorana’s original treatment is re- 
stricted, and with the extension of the theory to 
include the action on the particles of the non- 
electric field of a scalar potential.* Although 
such fields have not had to be postulated in any 
of the existing applications of the neutrino 
theory, their introduction into the present dis- 


2G. Racah, Nuovo Cimento 14, 322 (1937). 


3’ W.H. Furry, Phys. Rev. 50, 784 (1936). 
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cussion is not without interest for two reasons: 
First, we are enabled to see that the Majorana 
theory still shows a strong resemblance to the 
usual Dirac theory, since in spite of the absence 
of antineutrinos we find that particles are 
produced in pairs; and second, it helps to bring 
clearly to light the spin behavior of the particles 
by showing the existence of a spin-orbit coupling.* 

The emphasis will here be placed, not on 
Majorana’s interesting new type of variation 
principle, concerning which we have nothing 
new to add, but on the application of a sym- 
metry property of the Dirac equations by means 
of which Majorana accomplishes the elimination 
of the negative energy states. Before proceeding 
to the developments of the following sections, 
we wish to give a general discussion of this idea, 
comparing it especially with Schroedinger’s 
early suggestion® for the elimination of the 
negative energy states of the electron. 

In both cases we may take as the essential 
problem that of projecting the function space of 
the Dirac wave functions into one of two equal 
subspaces. But our use in this connection of 
the terms “projection’’ and “‘subspace’’ must at 
once be accompanied by a warning: In the 
Schroedinger case we are actually concerned 
with projection into a linear subspace according 
to the accepted definition® of these words, but 
this is not so in the Majorana case. In Section II 
we shall discuss in detail the unorthodox and 
rather artificial sense in which such terms may 
be used about Majorana’s procedure. It is 
interesting that the procedure which is more 
artificial is also much more successful. 

In the Schroedinger case the two subspaces 
are those of the positive energy and negative 
energy wave functions of a free particle, and the 
projection is to consist in omitting the negative 
energy components of any given wave function. 


That is, if 
Y=¥OTYO, (I 1) 


where ¥™ consists of positive energy functions 
of a free particle and ¥y™ of negative energy 


*Cf. D. R. Inglis, Phys. Rev. 50, 783 (1936). 

5 E. Schroedinger, Berl. Ber. p. 63, 1931. 

Cf. J. von! Neumann, Math. Grundlagen der Quanten- 
mechanick, p. 40. 
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functions, then the projection is given by 
yoy, (I 2) 


This can be formulated in general by using the 
operator’ given in the p-representation by 


A=(—a- p—Bmc)(mc?+ p*)-}, (I 3) 
which has the property 


AyWM=yH: ApO= —yo?, (I 4) 


Schroedinger's projection is then simply 
¥—2(1+A)y. (I 5) 


It is well known that an essential difficulty 
with Schroedinger’s suggestion is that it is not 
relativistically invariant. A Lorentz transforma- 
tion of y is accomplished by an operator L(a’,) : 


' (x'*) = L(a",) W(x) = S(a’,)A (a",) (2) 
_ S(a’,)(a"x"*). 


Here a’, is the Lorentz transformation of the 
coordinates, and S(a’,) is the corresponding 
four-rowed matrix operating on the components 
of the Dirac wave function.* The noninvariance 
of (I 5) then results from the fact that A and L 
do not commute: 


AL—LA#¥0. (I 7) 


The projection (I 5) also has the disadvantage 
that after a wave function has been projected 
into the positive-energy subspace it will not 
remain confined to that subspace if the particle 
is subject to forces of any ordinary sort. This is 
because A does not commute with the Dirac 
Hamiltonian for a bound particle. Schroedinger 
accordingly suggested that the terms admitted 
to the Hamiltonian be restricted to “even” 
operators, i.e., those which do not connect the 
two subspaces, or in other words those which 
commute with A. It is well known that this 
procedure leads to difficulties not only with 
invariance but also with the physical results of 
the theory. 

It is interesting to note that although the 
operator AL—LA is not equal to zero, it gives 


7Cf. W. Pauli, Handbuch der Physik, Vol. 24, pp. 230- 
231. 
8 Cf. reference 7, p. 221. 
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the result zero when applied to any free particle 
wave function. This assertion may at first sight 
seem to be inconsistent with the possibility of 
analyzing an arbitrary wave function in terms 
of free particle wave functions, which is postu- 
lated in (11). But the analysis (11) and the 
projection (15) make use only of the instan- 
taneous values of y throughout space, and it is 
only for such three-dimensional purposes that 
the free particle wave functions form a complete 
set. It is, however, obviously impossible either 
to make the Lorentz transformation (I 6) or to 
tell whether or not y is actually just a free 
particle function unless one makes use of the 
time dependence of y as well as its instantaneous 
values. If ys is any wave function whose time 
dependence is that given by the Dirac equation 
without field, then on using this time dependence 
in making the Lorentz transformation, one 
indeed finds that 


(AL—LA)y;=0. (I 7’) 


It is this fact which makes it possible to use the 
wave functions of a free electron as a basis for 
constructing a positron theory which is at least 
formally Lorentz invariant, although in practice 
the invariance is destroyed by divergence diffi- 
culties. In using the method of second quantiza- 
tion to set up the formalism of positron theory 
one of course uses wave functions with the 
time factors removed; but Lorentz transfor- 
mations may be made correctly by -using the 
p-representation and regarding p as the space 
part of a four-vector whose time component is 
+(m?*c?+p*)!. Thus without explicit reference 
to the time factor one can still verify that 
AL—LA gives zero when applied to such a 
function.?® 

The projection used by Majorana may be 
defined for an arbitrary representation of the 
Dirac matrices by using an operator A which 
was previously used by the writer to prove a 
symmetry theorem in the positron theory.’ 


9 It may be remarked that this same circumstance makes 
Schroedinger’s procedure work just as well as Majorana’s 
for the case of a free particle, which is the only case Majorana 
discusses for the neutral particle. The extension to the case 
of a nonelectric force (Section III) and the application to 
B-radioactivity (Section IV) are, however, impossible in the 
Schroedinger case. 

10 W.H. Furry, Phys. Rev. 51, 125 (1937). 
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The existence of this operator and its unique 
determination apart from a phase factor have 
been proved by Pauli." The operator A is a 
constant unitary four-rowed matrix, and has 
the property that if y is any pure positive energy 
free particle wave function, then Ay is the 
complex conjugate of a pure negative energy 
function ; and if y is any pure negative function, 
Ay is the complex conjugate of a pure positive 
function. Majorana’s projection is given by 


¥—3l¥+(Ay)*}, 


where (Ay)* is the complex conjugate of Ay. 

In the next section we shall show that the 
operation indicated in (I 8) has the important 
property of being idempotent, which enables us 
to regard it in a certain sense” as a projection 
operator; that the projection into the other of 
the two equal subspaces is given by 


v3 l¥—(Ay)*} |; 


that the projection (I 8) is relativistically in- 
variant; and that the wave function will remain 
confined to the subspace if the wave equation is 
that of a free particle or a particle subject to a 
nonelectric force,’ but not if the particle has an 
electric charge or a magnetic moment introduced 
as suggested by Pauli." 

It is seen from the stated properties of A and 
the form of (I 8) that instead of discarding the 
negative energy states Majorana’s projection 
may in a sense be regarded as symmetrizing the 
wave function with respect to positive and 
negative states. The fact that the phase of A is 
not fixed by its definition in terms of its prop- 
erties shows, however, that one has no right to 
attach the terms “symmetric’”’ and ‘“antisym- 
metric’ to the functions given by (18) and 
(I 9), respectively. 


(I 8) 


(I 9) 


II. PROPERTIES OF MAJORANA’S PROJECTION 


Notation. In the Dirac theory of a single 
particle there occur four-row square matrices 
such as a; and A, four-row one-column matrices 
such as the wave function y, and one-row four- 


1 W. Pauli, Ann. Inst. Henri Poincare 6, 130 (1936). The 
matrix in question is there denoted by C. 
2 But not at all in the usual sense—cf. Section II and 


reference 6. 
18 Reference 7, p. 233. 
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column matrices such as the Hermitian adjoint 
of y. In dealing with such matrices we shall use 
an asterisk (*) to indicate the complex conjugate 
matrix, a prime (’) to indicate the transposed 
matrix, and a dagger (f) to indicate the Her- 
mitian adjoint matrix. Similar notations hold 
for the two-row and/or two-column matrices 
which are introduced in the latter part of 
Section ITI. 

It is important to note carefully how the 
notation is to be interpreted when we come to 
apply the method of second quantization, and 
regard the components of the wave function as 
g-numbers. Since when the y’s are ¢ numbers 
vity:* is a real number, when the y’s are 
g-numbers ¥;+y;* must be a real g number, or 
in other words a self-adjoint operator. Thus 
when the y's are operators, y:* must be the Her- 
mitian adjoint operator to y;:. By ~ we mean the 
one-column matrix with the components yY, 2, 
v3, v4, and by y’ the one-row matrix with the 
same components; by y* we mean the one- 
column matrix with the components ¥;*, ¥2*, 
vs*, va*, and by y' the one-row matrix with 
these components. Such symbols as y;’ and y,' 
will never be used. The concept of transposition 
is indeed not a suitable one to be introduced 
with regard to operators in general, since it is 
not invariant under canonical transformations 
and its meaning depends on the representation 
used. Its use in the case of the matrices of the 
Dirac theory is, however, free from ambiguity 
and offers well-known advantages in the way of 
shortening the formulas. 

The matrix A and the projections. \We shall 
develop the theory for an arbitrary Hermitian 
representation of the Dirac matrices, and we 
shall denote this set of matrices by a;, 8 or by 
«, 6. Corresponding to this representation of the 
Dirac matrices there is a certain matrix A, 
uniquely determined except for phase, which 
has the properties described in the introduction. 
The conditions on this matrix are" 


AtA=1., (1) 
a;'A=Aa;j, 
B’A = —AB. (2) 


4 Reference 10, Eq. (10) and (14). 


Pauli has shown" that A also satisfies 


A*A=1. (3) 
From (1) and (3) we see that 
A’ =A. (4) 


We now represent the projections (I 8) and 
(19) by y—>Py and y—/y, respectively, with 


PY=3(¥+A*y*), (S) 
Ip=3(y—A*y*). (S’) 
The operators P and J obviously satisfy 
P+I=1 (6) 
and we can readily show that they also satisfy 
P’=P, P=] (7) 
and 
PI=[P=0. (8) 


The meaning of such equations is of course that 
the application of the left member to an arbitrary 
y gives the same result as the application of the 
right member. To prove (7) and (8), we have 
only to substitute from (5) and (5’) and use (3). 
For instance, 


Py =P-¥(V+A*") 
=HAW+AV) +4 +444") 
=MU+A*V")=P¥. QED. 


Equation (7) expresses the fact that the 
operators P and J are idempotent, a property 
which a projection operator must possess, and 
(6) and (8) indicate that the ‘“‘subspaces’’ into 
which the two operators project are collectively 
exhaustive and mutually exclusive. 

In order, however, for an operator to be a 
projection operator associated with a linear 
subspace, it must be not only idempotent but 
linear and Hermitian ;° and it is obvious from 
(5) and (5’) that our operators P and J are 
not linear. What we have called the ‘‘subspaces”’ 
defined by these operators are accordingly not 
subspaces in the usual sense, i.e., not linear 
subspaces ; for from 


Py=y, 
Pe=¢, 


Iy=0, 
Ie=0 


% Reference 11, Eq. (33a). 














60 w=. &. 


we cannot conclude that 
P(ay+b¢) =ay+be¢, I(ay+b¢) =0, 


unless a and 6 are real numbers. The subspaces 
of the Majorana projection are invariant under 
Lorentz transformation and under time dis- 
placement as determined by the Dirac equations 
of a particle subject to a nonelectric force, as 
we shall show below, but they are not invariant 
under simple multiplication by a complex con- 
stant. This makes the theory look rather arti- 
ficial, but does not interfere with its success, 
because such multiplication plays no part in it. 

Lorentz invariance. The projection is Lorentz 
invariant because it makes no difference whether 
one makes a Lorentz transformation before or 
after the projection operator is applied: 


L(a’,)Py=PL(a’,)y. (9) 


Proof : Since the operations involved in applying 
P have nothing to do with the dependence of ¥ 
on the x#, (9) is equivalent to 


S(a’,)Pp=PS(a",)¥- 
By (5), (10) becomes 
S(a"y) YHA *Y*) = 3 S(a",)Y+A*S*(a"y)¥*} 
and this is true for an arbitrary y if 
S(a’,)A* = A*S*(a’,). (11) 


Now S(a’,) can be represented as a product of 
factors of the following types: 


(10) 


Rotation in (7, 7) plane: 
S =e 0/2) aia; 


Velocity along j axis: 
S= e (8/2) aj 


(12) 


Reflection of the z axis: 
S=taja;B, jAIARAJ 


Reflection of the time axis: 


§ => 1a Qa. 


On making use of (2) and of the Hermitian 
character of a@ and 8, one finds that (11) is 
satisfied by any product of factors of the forms 
(12), so that the truth of (10) is established. 
Because of the noninvariance of the projection 
P under change of phase, the phase factors in 
S(a’,) must be kept the same as specified in (12), 
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apart from a possible factor —1. The necessity 
of fixing these phase factors in a definite way 
in order for (11) to hold has been pointed out 
by Racah,? who calls attention to the fact that 
these factors have a significance for the choice 
of the interaction operator in Fermi’s original 
theory of B-decay. 

Persistance of the projection in time. The 
Dirac equations are 


dy /dt= Dy, (13) 


where D is an operator whose various possible 
forms are listed below. According to (13), if y 
had the value yo at ¢=0, its value at a later 
time is 

y=eP'Yo. (14) 
We now want to investigate whether 

Pho=Wo, Ipv,=0, 
together with (14), implies that 
Py=v, leo. 

This will be so if P and J commute with e?', or 
in other words if 


PDy=DPy, 


for arbitrary y. Substituting from (5) and (6), 
we find that (15) will hold for arbitrary y if and 
only if 


IDYy=DIyp (15) 


DA*=A*D*, (16) 


Now D is just (th) times the Dirac Hamil- 
tonian for the particle. Thus it must contain 
the terms 


(17) 
for a free particle, together with terms repre- 
senting any interactions of the particle with 
fields of force. The known possibilities for forces 
having classical analogs are: 


D,= (ih) \e(a- A) +e} 


(charge e on particle), 


D2=(th)~'| —u(Bo-H) —in(Ba-E)} 


(magnetic moment xz), 


D3 = (th)~'{ — B®} 


(nonelectric potential energy ®). 


Do= (ih) {thc(a-V) —Bmce?} 


(18) 


By use of (2), we find that (16) is satisfied for 
D=D,)+D; (19) 
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but not if D, or Dg is included in D. Thus if the 
wave function is to remain confined to one 
Majorana subspace the only one of these three 
kinds of force that can act on the particle is the 
nonelectric force. 

Commutation relations. Hitherto we have been 
concerned only with certain linear conditions 
satisfied by the wave function before and after 
projection. In what follows we shall have to 
introduce bilinear expressions, and use the 
technique of second quantization, so that it will 
be necessary to know the commutation rules 
obeyed by the components of the projected 
wave function. Assuming the four components 
of y to satisfy the usual Jordan-Wigner" relations 


vi*(r)y,(r’) +y7,(r’)yi*(r) -_ 6;6(r sie r’) ’ 
¥i(r)y(r’) +¥,(0’)yi(r) =0, (20) 
vit (ry (0) +0," (2) YF (er) =0. 


We find on using (5) that the four components 
of the function U defined by 


U=Py |. (21) 
satisfy the relations 
U#*(r) U(r!) + U,(r’) U* (2) = 365;6(r — 1’), 
U,(r) U(r’) + U(r’) U(r) = 3A i*6(r—-1’), . 
U*(r)U;*(2') + U*(2') U4 (2) = 3A 56(r—-1’) 


2) 


Ill. TRANSFORMATION OF THE HAMILTONIAN 
FUNCTION 

The inclusion of a nonelectric potential energy 
represented, for a single particle, by the scalar 
function ®(r) makes no difference whatever in 
Majorana’s derivation of his Hamiltonian from 
his special variation principle. With this modifi- 
cation, his result is 


T= f Uy '(r)y Um (r)dt= f Uy'(r) 


x | the(ay ‘T) —By(mc?+(r)) } Uy (r)dr. (23) 


Here Uy is a purely real four-component 
function, or, more strictly, a set of four self- 


adjoint operators which are functions of r. Hy 


‘6 P. Jordan and E. Wigner, Zeits. f. Physik 47, 631 
(1928). 


is the Dirac Hamiltonian for a single particle, 
expressed in terms of a specially chosen repre- 
sentation of the Dirac matrices, denoted by 
ay, By, which satisfy 


ev*=ey'=ay; Bu*=Bu'=—Bwy. (24) 


For this representation, a suitable form of the 
operator A is 


Ay=1, (25) 


as is seen by comparing (24) with (2). Then 
Pym is simply the real part of w~s—more 
strictly the “self-adjoint part’—and this is 
indeed what Majorana took as Uy. 

Majorana’s Hamiltonian (23) differs from the 
Hamiltonian of the ordinary Dirac theory, 


fuse uvu(r)dr, (23’) 
only by the omission of the term 
J ¥w'@seuVu(aydr, (23’’) 


where Vu= —ilyyou, Yu= Uytt Vy. The com- 
ponents of Vy all anticommute with all the 
components of Uy, so that any function of Vy 
commutes with the Hamiltonian (23). If terms 
of the types 74D, and ihD, defined in Eq. (18) 
were included in 3Cy, the expression (23’) would 
contain not only the terms (23) and (23’’), but 
also cross terms in Uy and Vy. Majorana’s 
way of treating the Hamiltonian (23’) by 
separating Yy into the two terms Uy and ily 
then leads directly to a simple subtraction 
theory of the electron and positron. 

We shall now show in detail how the Hamil- 
tonian (23) forms the basis of a theory in which 
there is just one type of particle, with two states 
for a given momentum, corresponding to two 
different spin orientations. First we shall free 
ourselves from the restriction to the special 
representation ay, Bw for the Dirac matrices. 

By a well-known general theorem," the repre- 
sentation @y, By is connected with our represen- 


‘7 Cf. reference 11, p. 109. The representations of the 
Dirac matrices used there are not subject to the restriction 
that they be Hermitian, so that the transformation matrix 
need not be unitary. 
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tation a, 8 by a unitary transformation : 


ayv=TtaT, Bu=TtsT, TIT=1. (26) 


These relations suggest that we should subject 
(23) to the substitution 


Um=Ttu, Un’'=UtT (27) 


and regard the result as the Hamiltonian ex- 
pressed in terms of our function U which 
satisfies the commutation relations (22). 

To justify this procedure we shall show that 
(27) establishes a one-to-one correspondence 
between the set of all possible quantities satis- 


fying 


PU=U, JIU=0 (21’) 


and all possible real four-component quanties 
Uy. This is most readily proved by noting that 
according to (24) and (26) all of the conditions 
(1)—(4) on A are satisfied by 


A=T*T". (28) 


Then JU=0 means U=A*U*, and 7'tU 
= T'A*U*=T'U*=(T'U)*, so that if U satisfies 
(21’), T'U is real. Conversely, if Uy is real, 
A*(TUy)*=TT’'T*UyN=TUym, so that TUy 
satisfies (21’). The fact that the phase of A is 
arbitrary is exactly taken care of by the arbi- 
trariness of the phase of 7, which makes no 
difference in the final result of substituting (27) 
in (23). 

Majorana establishes the Lorentz invariance 
of his formalism by relating it to the general 
results of applying the Jordan-Wigner method 
to the Dirac theory. That the invariance is not 
damaged by the substitution (27) follows from 
the fact that corresponding Lorentz transfor- 
mation matrices in the two formalisms are 
connected by the similarity transformation (26) : 


Su=TtST, sothat Uy=TtU 
implies SuUu=Ttsvu. 


On substituting (27) in (23) and using (26), 
we have 


H= f Ut(r) {ihc(a- 7) —B(me?+#(r)) } U(r) dr. 
(29) 


We now set 


U(r) ==(k)(r|k)a(k), (30) 
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where 


(r|k) =(k|r)*= V-! exp {i(mc/h)k-r} (31) 


and a(k) is a four-component quantity; we 
suppose the allowed values of k made denumer- 
able by imposition of the usual periodic boundary 
condition in a box of volume V, and the integral 
in (29) extended over this volume. Then 


H =mc*>(k)at(k) { —(a-k) —8}a(k) 


—=(k, k’)at(k)(k| | k’)Ba(k’), (32) 


where (k|®|k’) = f (k|r)@(r)(r|k’)dr. (33) 


Relations satisfied by a;(k) and a;*(k). From 
(22) and (31) it follows that the commutation 
relations for these quantities are: 


a;*(k)a;(k’) +a;(k’)a,*(k) = 26;,6(k’, k), 
a;(k)a;(k’) +a;(k’)ai(k) 
= 74 ;;*5(—k’, k), 
a.*(k)a,*(e’) +0,*(k’)a:*(Ie) = 34 8(—k’, k). 


(34) 


By substituting (5) and (30) into (21’), multi- 
plying by (k|r) and integrating, one finds the 
linear relations 


a(k) = A*a*(—k), 
a*(k) = Aa(—k). 


(35) 


It is readily verified that (34) and (35) are 
consistent with each other. 

We now make a linear substitution on the a(k) 
and a*(k), in order to diagonalize the free- 
particle terms in (32). Set 


a(k) = S(k)b(k), 
at(kk) = bt(k) St(k). 


(36) 


Here S(k) is required to satisfy the conditions 
St(k)S(k) =1, (37) 
St(k) { —(@-k) —B} S(k) = eps = (1+?) 4p3. (38) 


p; is one of the matrices originally defined by 


Dirac :'8 
1 O 
> 
0 -1l 


18 P. A. M. Dirac, Proc. Roy. Soc. A117, 614 (1928). 


(39) 
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the 0’s and 1’s being two-rowed matrices. Thus 
by (38) the free-particle terms are diagonalized, 
the four eigenvalues for a given k being e, €, —e, 


om G, 

The existence of a matrix which satisfies (37) 
and (38) is most easily shown by exhibiting one, 
as we shall do later. Here we shall show that if 
S,(k) and S2(k) both satisfy (37) and (38), then 


u,(k) 0 
So(k) = site) ( ) , (40) 
0 u2(k) 


where u, and ue are two-rowed unitary matrices. 


Proof: By (37) and (38), 
Sip3S1t = Sop3Set = €'{ — (ak) — 8}. 


Then p3SitSe= SitSops 


and by an elementary result in matrix theory” it 
follows from (39) that 


u; 0 
SitS2= ( ). 
0 Us 
The unitary character of u; and ue, and (40) 


itself, then follow from (37). 
The result of substituting (36) in (32) is 


H=2(k) emc?bt(k) p3b(k) 
— >(k, k’)bt(k) St(k)(k|@|k’)BS(k’)b(k’). (41) 


Relations satisfied by bi(k) and b;*(k). From 
(34) and (36) we obtain the commutation 
relations 


b:*(k)b,(k’) +5,(k’)b:*(k) = 25:;5(k’, k), 
bi(k)b;(k’) +;(k’)b.(k) 

= }7T;;*(k)6(—k’,k), (42) 

bi*(k)b;*(k’) +5;*(k’)b,*(k) = 37:,(k) 5(—k’, k), 
where T(k) = S’(k)AS(—k). (43) 

From (35) and (36) we get the linear relations 
b(k) = T*(k)b*(—k), 

b*(k) = T(k)b(—k), 


(44) 


(42) and (44) are of course consistent. 
The elimination from (41) of any reference to 


19 Cf. E. Wigner, Gruppentheorie, p. 10. 
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the negative energy states is made possible by the 
nature of the relations (44). We shall show that 


0 u(k) 
7 (k) -( ). (45) 
v(k) 0 


where u(k) and v(k) are two-rowed unitary 
matrices. The proof is similar to that of (40). By 
(38) we have, since a, 8 are Hermitian, 


S(—k)p3St(—k) = "| (a: k) —B} (46) 
and S*(K)psS"(k) =e" —(e'-k) 8}. (47) 
Now by (2), if we multiply (46) by A from the 
left and (47) by A from the right, the right-hand 


members become equal and opposite. Thus we 
have 


AS(—k)p3St(—k) = —S*(k)p3S’(k) A. 


On multiplying this from the left by S’(k) and 
from the right by S(—k), we have 


T(k)ps= — ps7 (k) (48) 


and it is readily seen from (39) that a unitary 
matrix which anticommutes with p; must be of 
the form (45). 

Accordingly we have 


0 u*(k) 
b(k) = ( 
v*(k) 0 


In order to eliminate 63(k) and b4(k) from H we 
want to use for the one-column matrix }(k) the 
expression 


)or(—10. (49) 


b,(k) 
bo(k) 
b(k) = . (50) 
011°d,*( —k) +112*b2*( ai k) 


v21*bi*(—k) +022*b2*( —k) 








The actual use of the expression (50) and of an 
analogous expression for the one-row matrix 
b'(k) is not at all difficult, but involves a con- 
siderable amount of writing. A simple way to get 
the same result is to make the substitutions 


b(k)—>b(k) + T*(k)b*(—k), 
bt (k) bt (k) +0’(—k)T’(k) 


(S1) 
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in (41), and then discard all’ terms involving 
bs(k), bs(k), b3*(k) and b4*(k). The result is 


H = 3% (kk) emc* | Bt(k) [ps ]’B(k) 
+Bi(k)[ps7*(k) ]’B*(—k) 
+B’(—k)[T'(k)ps }’B(k) 
+B’(—k)[7’(k)psT*(k) °B*(—k)} 

—22(k, k’)(k/ | k’) [Bt(k)[S1(k)6S(k’) )B(k’) 
+Bi(k)[St(k)BS(k’) T*(k’) ))B*(—k’) 
+B'(—k)(T’(k) St(k)6S(k’) )’B(k’) 
+B’(—k)(T"(k)St(k)BS(k’)T*(k’) 7)? 

x B*(—k’)}, (52) 


where [/]® means the two-rowed matrix ob- 
tained from the four-rowed matrix M by taking 
the upper left hand quadrant, and 


B,(k) = v20,(k), B2(k) = v2b2(k), 
53 
B,*(k) =v20,*(k), Bo*(k) = v2b2*(k). (53) 


It is important to note that the subscript on B 
or B* can take only two values instead of four. 

The expression (52) can be simplified con- 
siderably by means of the relations (48), (45), 
(43), (39), (4), (3), and (2). One obtains: 


H= 32 (k)eme’| Bt(k) B(k) — B’(k) B*(k) } 
—22(K, k’)(k| | k’) {Bt(k) [St(k) BS(k’) B(k’) 
+Bt(k)[St(k)BA*S*(—k’) }’B*(—k’) 
+B’(—k)[S'(—k) ABS(k’) }B(k’) 

— B'(—k)[S’(—k)p’S*(—k’) }’B*(—k’)}. (54) 


Now from (53), (42), and (45) we find that the 
commutation relations on the B’s and B*’s are 


B*(k)B,(k’) +B;(k’)Bi*(k) = 6;;6(k’, k), 
Bi(k)B,(k’) + B,(k’)Bi(k) =0, 
B*(k)B;*(k’) + B;*(k’)B*(k) =0, 


(55) 


which are just the standard Jordan-Wigner 
relations. On using (55) in (54) and remembering 
that by (31) and (33) (—k|#| —k’) =(k’|#|k), 
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we get 
H= (k)eme (E N, (it) —1} 

— > (ke, k’)(ke| | k’) {BY (de) [S1(6) BS (ke) PB’) 
i(k, ’) E814) Te 


—22(k, k’) {(k|®| —k’) Bt(k) 
X LSt(Ie) BA *S*(k’) ]’B*(k’) +(—k| | k’)B’(k) 

X LS'(kK)ABS(k’) }’B(k’)}, 
N,(k) = B,*(k)B,(k). 


(56) 


where (57) 
We now wish to give (56) a more explicit form 
by introducing special forms of the matrices 8, A, 
and S(k). Before doing so let us establish con- 
clusively that the results are essentially inde- 
pendent of the choice of these forms. We shall 
prove that any change in this choice is equivalent 
to at most a two-rowed unitary transformation 


B(k)—t(k) B(k), 
B*(k)—1*(k) B*(k), 


B’(k)—>B’ (k)t’(k), 
Bt(k)—>Bt(k)tt(k). 


In the first place, it is at once evident from (40) 
that a change in S(k) for fixed a, B is equivalent 
to a transformation of the type (58). Also, for 
fixed a, 8 the only change we can make in A is a 
phase factor, which corresponds to a transfor- 
mation of the type (58) with ¢(k) a mere phase 
factor. These results permit us to discuss the case 
in which the representation of @, 8 is changed by 
prescribing particular corresponding changes of 
S(k) and A. From (37), (38), and (1), (2), (3) it 


is evident that if the new Dirac matrices are 
&:=Rta:R, B=RtBR, RtR=1, 
one may use with them the matrices 
S(k) =RtS(k), A=R’AR. 


On substituting in (56) one finds that all the 
matrices [M]° which occur in that equation 
have the same value whether a;, 8, S(k), A or 
&:, B, S(k), A are used. 


k) 


(56) 
(S7) 


form 
B, A, 
con- 
inde- 
shall 
alent 
on 


(58) 


(40) 
alent 
, for 
lisa 
sfor- 
hase 
case 
d by 
2s of 
3) it 


the 
tion 
4 or 





THEORY OF 


We now fix the Dirac matrices in the form 
originally used by Dirac :'8 


0 CG; 1 0 
a= ( ). a ( ). (59) 
C; 0 0 —] 


where 0, 1, and oe; are two-rowed matrices, the 
last being the Pauli matrices. Since o, and o, are 
symmetric and o, antisymmetric, we can satisfy 
(1), (2), (3) by setting 


A=ia,p. (60) 


It is readily verified that (37) and (38) are 
satisfied by 


S(k) = C(k) {(€+1)p1—p3(e-k)}, (61) 
where 


C(k) = {2e(e+1)}-3, 


0 1 C; 0 
o-( ), «=( ) (62) 
1 O 0 a; 


On substituting (59)—(62) into (56) one readily 
obtains 
H=2(k)eme?{ SN, (ie) —1} — (0|®]0)2(e) e+ 
42k, k’) Bi (le) (e| Vk) Bk) 
+2(k, k’)BY(k) (I, k’| C|)B*(k) 
+2(k, k’)B’(ke)(|D|k, k’)B(k’), (63) 
(ke| V'[") = (Xe| ©] I) {(e+1) (+1) 
~ (ok) (o-k’)} {4ee’(e-+1)(+1)}-I 
(ke, | C|) = (le ®| —’) {(e+1)(0-’) 
—(€'+1)(o-k)} {16ce"(e-41)(+1) Jie, 
(| D |, k’) = (—Ke| ® |k’)-ioy{ (e+1)(o-k’) 
~ (+1) (0-K)} {16ce'(e-+1)(e-+1)}-4 


(64) 


The general significance of (63) is clear, since 
according to (55) and (57) the meanings of B,(k) 
and B,*(k) can be taken to be those usually given 
to Jordan-Wigner operators: B,(k) corresponds 
to the transition of a particle out of the state 
characterized by the momentum kmc and the 
spin index r, and B,*(k) corresponds to a transi- 
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tion into that state. Thus the terms in (k| V|k’) 
correspond to transitions between such states, 
those in (k, k’|C|) to the creation of pairs of 
particles, and those in (| D|k, k’) to destruction of 
pairs. Further remarks about formulas (63) and 
(64) are given in the next section. 





IV. DiscussIon 


Although the above procedure based on the 
ideas of Majorana succeeds formally in elimi- 
nating the negative energy states without the 
introduction of corresponding “‘holes’’ or anti- 
particles, the results still show much more 
resemblance to the positron theory than to a 
theory based on Schroedinger’s early suggestions. 
This resemblance appears not only in the presence 
in (63) of terms corresponding to the creation and 
destruction of pairs of particles, but also in the 
presence of infinite terms independent of the 
B(k) and B*(k). These terms, namely 


— >(k)emc? — (0| | 0)2(k)e 


can play no part in calculations, and hence may 
be regarded as typical ‘“‘subtraction terms,’’ such 
as appear in the positron theory. 

As is the case with much of the formalism of 
quantum electrodynamics and of positron theory, 
our final expressions are in a form highly unsym- 
metrical as regards space and time, so that direct 
investigation of their Lorentz invariance would 
be a complicated task. It is scarcely to be 
doubted that, just as in the positron theory, the 
Lorentz invariance of the final formulas has 
become illusory through divergence difficulties 
associated with the presence of the subtraction 
terms. It seems, however, not without interest 
to mention here the question of ordinary rotation 
invariance, since the unsymmetrical appearance 
of the expressions (64) might lead one at first 
glance to suppose that even this invariance is 
lacking. We can readily show that this is not so, 
and that the expressions (64) have exactly the 
sort of form required for the theory to be 
rotation invariant. 

The theory of the spinning electron provides us 
with the following rule for transforming the two 
components B,(k) and B.(k) on rotation of axes: 
Corresponding to rotation through the angle @ 
around an axis in the direction n,, one subjects 
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the B, to the unitary transformation 


B-u(n,; 0)B, 


u(n,; 0) =cos (6/2)+72(e-n,) sin (0/2) (65) 
and also 
B’—B'u'(n,; 0), B*t-u*(n,; 0)B*, 
(65’) 


Bt—Btut(n;; 4). 


Then if the matrix M involves o only in products 
(e-A), the product B'MB is invariant under 
rotation of A according to ordinary geometry and 
transformation of B and B' by (65) and (65’). 
This is the familiar way of establishing the in- 
variance of the ‘‘even’”’ terms involving (k| V |k’). 
But since (k, k’|C|) and (|D|k, k’) are of the 
forms Mo, and o,M, respectively, we find that 
B'CB* and B’DB are invariant under these 
same rules of transformation, because 
o,u*(n,; 0)=u(n); A)o,; 
(66) 
u’(n,; 0)o,=o,ut(n;; A). 


These relations follow directly from the commu- 
tation rules of the o’s together with the fact that 
o, is imaginary antisymmetric and ¢, and a, are 
real symmetric. The unsymmetrical looking 
appearance of a, in (64) is thus precisely what is 
required to secure the actual rotation invariance 
of the formalism. It is evident that this factor 
should not be regarded as a spin matrix at all, but 
simply as the antisymmetric unit matrix which 
plays a part in spinor analysis.”° 

It is evident that the formalism here obtained 
cannot be regarded as equivalent to a definite 
wave equation for a single particle, both because 
of the presence of the ‘‘odd” terms, which show 
that the number of particles is not constant, and 
because of the highly irrational dependence on k, 
which would be represented by the operator 
(—ih/mc)V. Apparently the only case in which 
an approximate treatment by means of a single 
particle wave equation can readily be given is 
that of a slowly moving particle in a weak field 
free of high frequency components. For such a 
field pairs will not be produced, and the only 


20B. L. van der Waerden, Gruppentheoretische Methode 
in der Quantenmechanik, p. 79; O. Laporte and G. E. 
Uhlenbeck, Phys. Rev. 37, 1383 (1931). 
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contributions to the energy from the odd terms 
will be of the order of | (k|#|k’)|?, which, since 
the field is weak, can be neglected compared to 
the even terms. Also the irrationalities can be 
removed by expansion in powers of k and k’, since 
for a slow particle these are small of order v/c; 
one may conveniently work to the order k*. In 
this approximation the even matrix elements 
contained in (63) are, apart from the “subtraction 
terms’”’ equivalent by partial integration to those 


of 
H,=mc? — (h?/2m)9? + — (h?/8m*c*) (9?) 


+(ho/4c?)-[(v/m) X(p/m)]. (67) 
Here the first three terms are, respectively, 
proper energy, nonrelativistic kinetic energy, and 
potential energy, and the last term gives precisely 
the spin orbit coupling corresponding to the 
Thomas precession.”! Just as in the case of the 
nonrelativistic approximation obtained from the 
usual Dirac equations for a single particle there 
appears still another term, which in the present 
instance is Hermitian. 

The matrix elements occurring in (64) are just 
those which appear in the simple subtraction 
theory in which both particles and antiparticles 
occur. The physical interpretation is, however, 
rather different; the events of creation and 
annihilation may here involve any two particles 
which occur at all in the theory, instead of having 
to involve one particle from each of two distinct 
kinds. 

As was mentioned in the introduction, the 
neutrino theory of 8-radioactivity either with 
electron emission or with positron emission can 
be based on this theory of the neutrino quite as 
well as on the usual formalism in which anti- 
neutrinos occur. As Racah? has pointed out, the 
procedure is, schematically, just to replace the 
neutrino wave function ¢ by 3(¢+A*¢*) and 
replace g* by 3(¢*+Ag) throughout whatever 
formula for the interaction energy it is desired to 
use. In our present language this means replacing 
¢g by U and ¢* by U%*, after which one may use 
the formulas of Section III to express the 
interaction in terms of the operators B,*(k) and 
B,(k)(r=1, 2), which refer to the emission and 


21 Cf, references 4 and 3. 
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absorption of neutrinos. Using (30), (36), (50) 
and (53), we have 


g— U =2-'2(k)(r|k).S(k) 
B,(k) 
B.(k) 
011° B,*(—k) +012*B2*(—k) 
vo;*B,*(—k) +v22*B2*(—k) | 








This differs from the corresponding expression 
for ¢ used in the ordinary theory only in the 
following ways: (a) A factor 2—' occurs, which can 
be absorbed into the disposable constant coeffi- 
cient of the interaction energy; (b) A spin 
transformation v* appears, but this makes no 
difference in the total transition probabilities 
summed over both spins for the neutrino. (c) The 
role which in the ordinary theory is played by 
operators representing the emission of an anti- 
neutrino is here played by the B,*, which repre- 
sent the emission of a neutrino. The actual four- 
component amplitudes used in calculating matrix 
elements are the same in both cases, the columns 
of S(k). Thus in all cases in which the only part 
taken by the light neutral particles consists in 
one of them being emitted, there is no difference 
in the calculated intensities, and the only 


22 This assertion may seem to contradict a statement 
made by Racah (reference 2), that differences can be 
obtained unless the rest mass of the neutrino is zero. Our 
present assertion holds, however, for the comparison 
between the Majorana theory and any neutrino theory in 
which the interaction energy involves the electron wave 
function y and the neutrino function ¢ through expressions 
of the form yt Mg and ¢tMty. For such theories the phases 
of the Lorentz transformation matrices (Eq. (12)) are 
arbitrary, but the way in which they are chosen has no 
effect on the form of the quantities yt Mg and gt MTy used 
in expressing the interaction energy; so that the phases 
may be taken to be those given in Eq. (12), and our 
arguments about the connection with the Majorana theory 
are at once applicable. This way of forming the interaction 
energy was used by Uhlenbeck and Konopinski, and is now 
the most commonly used. Fermi’s original way of forming 
the interaction energy, however, involved expressions of the 
form ¥ytMg* and g’MTy, and here the phases of the 
transformation matrices are not without effect on the way 
one must choose the form of the expression for the inter- 
action energy in order to obtain Lorentz invariance. As 
Racah points out, the phases given in (12) are not con- 


difference between the two theories consists in 
our mental picture of what happens: In the 
ordinary theory one type of 8-decay involves the 
emission of neutrinos and the other the emission 
of antineutrinos, but in the Majorana theory use 
is made of neutrinos only. 

It should be possible to settle which theory is 
preferable by considering processes in which 
neutrinos are absorbed as well as emitted, but 
actually this does not seem feasible at present. 
Differences would presumably appear in the 
results of using the light particle fields to account 
for the forces between heavy particles, but this 
part of the subject is in such an unsatisfactory 
state owing to divergence difficulties that it 
seems to offer no hope of a decision, and indeed it 
seems quite doubtful that nuclear forces are to be 
explained in this way. Another possibility of 
deciding between the two theories is offered in 
principle by the phenomenon of 6-decay with 
absorption of a light neutral particle instead of its 
emission, the 8-ray accordingly having more 
energy than the limit of the spectrum instead of 
less. Here, as Racah has remarked, there is an 
obvious qualitative difference between the two 
theories. On the ordinary Dirac theory, a positron 
emitter can be “‘stimulated”’ only by an electron 
emitter, and vice versa, but on the Majorana 
theory any emission may “‘stimulate’’ any other 
emission, whether of the same or of opposite 
type. But since the cross section* of a radioactive 
nucleus for capture of a neutrino is of order of 
magnitude between 10-” and 10-*° cm’, it seems 
unlikely that this effect, which would not only 
serve to decide the question of the existence of 
antineutrinos but would provide experimental 
evidence of the best sort for the neutrino hy- 
pothesis itself, can ever be observed. 


sistent with Fermi’s actual choice of the interaction energy 
expression, so that his original formalism could not be 
carried over into the Majorana theory. This lack of exact 
correspondence between the two points of view is to be 
regarded as due to objectionably artificial characteristics of 
the Fermi type of expression, which are avoided in the now 
generally accepted Konopinski-Uhlenbeck type. 
23H. Bethe and R. Peierls, Nature 133, 532 (1934). 
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Emission Bands in the 3'II.z—1s'= System of the Hydrogen Molecule 


C. RuULON JEPPESEN 
Department of Physics, University of California, Berkeley, California 


(Received May 5, 1938) 


The 3p'Il.g— 1s'S band system of the hydrogen molecule, heretofore observed only in absorp- 
tion, has been discovered in emission. Ten bands from the first three vibrational levels of the 
excited state are analyzed and the rotational and vibrational constants are derived. The d 
component levels of the A type doubling are found to be strongly perturbed whereas the c 
components appear to be quite regular. The most significant of the constants derived are as 
follows: T,= 113908 cm™, B,=30.56 cm™ and w,.= 2353 cm™. 





INTRODUCTION 


HIS paper is concerned with the identifica- 
tion and analysis of a number of emission 
bands in the 3p'II.¢—1s' system of He and with, 
the molecular constants derived therefrom. This 
band system was discovered by Hopfield! who 
found a v’ progression in absorption lying in the 
extreme ultraviolet between 830 and 770A. Be- 
fore the present study this system had not been 
observed in emission. Beutler, Deubner and 
Junger? and Beutler and Junger,’ by means of the 
isotope effect showed that the absorption progres- 
sion began with the v=3 level of the upper state. 
The v=0, 1 and 2 vibrational levels are missing. 
This had previously been suggested by Richard- 
son‘ as a possible explanation of the bands, since 
the heat of dissociation and Rydberg denomina- 
tor indicated by this progression were not com- 
patible with other known data on Hg, if the first 
member of the progression were the 0—0 band. 
Beutler, Deubner and Junger’s thorough study 
of this absorption spectrum fixed the identifica- 
tion of the excited electronic level as the 3p'IT.a 
state and this conclusion is further substantiated 
by the results of the present study. These authors 
found also that the absorption bands were broad- 
ened and diffuse because of predissociation be- 
ginning at the v=3 level and autoionization 
beginning at the v=6 level. The presence of these 
phenomena explains the previous failure to find 
this band system in emission. The vibrational 
levels v=0, 1 and 2 should, however, give rise to 


1J. J. Hopfield, Nature 125, 927 (1930). 
assy Deubner and Junger, Zeits. f. Physik 98, 181 
3 Beutler and Junger, Zeits. f. Physik 100, 80 (1936). 
‘0. W. Richardson, Molecular Hydrogen and its Spectrum 
(Yale University Press, 1934), p. 303. 
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emission bands and a number of these have now 
been found and are described in the following 
paragraphs. It is not possible however, as just 
noted, to obtain emission bands from higher 
vibrational levels than the third, hence our data 
are not so complete as might be desirable. 


EXPERIMENTAL METHODS 


The procedure used for excitation of the hy- 
drogen spectrum has been described in an earlier 
paper® and the experimental results of this former 
study have been used in the present investigation. 
Additional data have been secured, however, in 
the region of the short wave-length end of the 
spectrum. This has been made possible through 
the use of a new spectrograph built in the shop 
of the University of California physics depart- 
ment. This spectrograph contains a grating 
ruled at the Johns Hopkins University, with 
11,800 lines per cm and with a radius of 42 cm. 
The grating mounted at normal incidence is very 
fast and gives spectra relatively free from back- 
ground. Most of the data of the present work 
were obtained with the 2 meter spectrograph 
described earlier® and hence the dispersion ob- 
tained on the plates is about 3.5A per mm. The 
small spectrograph mentioned above gives a 
dispersion of about 20A per mm and so for the 
very faint lines photographed only with this 
instrument, the probable error is perhaps as 
much as 0.05A. In this later study hydrogen lines 
from the former work have been used as standards. 


ROTATIONAL ANALYSIS 


The intervals between vibrational levels (AG, 
values) in the 3'II.4 state may be determined 


5C. R. Jeppesen, Phys. Rev. 44, 165 (1933). 
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directly for v>3 from the absorption progression 
previously mentioned. For v<3 approximate AG, 
values may be obtained from the same data by 
extrapolation. Since a rather complete analysis of 
the lower 1s'D state is known’ we can then find 
the approximate position of each expected emis- 
sion band in our system. The rotational analysis 
may then be carried out by the usual methods. 
The chief difficulty with such analysis lies in the 
extensive overlapping of bands, so that chance 
coincidences are very frequent. This is especially 
troublesome when, as in the present instance, the 


bands under consideration are comparatively low 
in intensity and are overlapped by other systems 
of greater strength. For this reason the tentative 
assignments given to a number of lines are quite 
doubtful and are not included in the data given 
here. The bands for which the assignments appear 
to be fairly certain are given in Table I. Since all 
of the numerical results deduced from the ten 
bands given in the table are consistent and are 
compatible with previously known results, it 
would appear that the essential correctness of the 
identifications cannot be doubted. Table I gives 


TABLE I. Emission bands of the 3p'Il.a—1s'E system. 
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0 j}1 108773.1 0 | 3b 99899.7* 
1/3 784.9 2 | 108655.4 1/5 918.8 6 99803.6 
2 10 744.8 1 108437.4 | 1 549.6 2 | 36 899.7* | 2d 99617.4 | 3 725.5* 
3 {2 655.4* | 3 227.2 | 2 391.8 3 }2 834.4 | 3 447.3 | 4 609.6 
4/1 523.8? | 1 107972.5 | 0 182.8 4/3 725.5* | 2 243.4 | 3b 462.3 
5 6 666.2* | 16 | 107929.1 5 4 004.9 | 2 265.6 
0—2 band »o=104791 1—5 band »9=96605 
0 |3 104849.3 0 |2 96659.5 
1 |4 865.8 4 | 104738.0 1/4 684.2 5 96567.9 
zi=— — 2d | 104528.5 | 2 642.5 2,5 668.9 1 96390.3 | 4 500.3 
3 |3 764.6 | 3 336.9 | 3 501.9 3 |3 626.5 | 3 237.4 | 2 401.0 
4/2 657.6 | 1 104.1 | 2 317.8 4 1 054.7 | — _— 
5 1 103831.4 | 1 093.2 5 2 843.0 | 1 108.1 
0—3 band »p=101092 2—2 band vp=109113 
0 }1 101151.3 0 |2 109161.6 
1 |4 174.5 6 | 101045.5 i 12 166.7 3 | 109051.8 
2 /;0 159.0 | 2 100850.2 | 3 | 100963.0 2 |0 119.6 | 3 108844.1 | 1 108945.2 
3 | 1b 102.3 | 4 673.0* | 3 838.2 3 | 0b 012.3 | 2 638.7 | 3 784.9 
4 ld 463.8 | 4 673.0* 4 | 2d | 108858.0 | 0 384.6 
5 1 215.5 | 3 475.3 5 3 084.5 
1—1 band »)»=110939 2—3 band v= 105421 
0 0 }1 105471.7 
1 |2 110989.8 3 | 110875.1 1 {3 480.4 4 | 105365.2 
2/1 934.7 1bd | 110646.6* | 2 763.1 2 }1 442.5 | 2 105168.8 | 2 269.3 
3/1 820.4 | 4 433.5 | 3 596.2 3 }1 356.6 | 2 104980.6 | 1 127.3 
4 | 1bd 646.6* | 2 162.4 | 1 376.3 4 3 750.0 | 1 104940.9 
S$ j1 387.6? | 2 109840.2 | Id 104.6 5 1 474.4 | 0 711.1 
1—3 band »9=103322 2—5 band »)=98703 
0 | 1d | 103374.5 oi— — 
1 |3 386.4 4 | 103272.4* 1/4 98778.1* 5 98660.8 
2/1 355.9 | 2 103072.1 | 3d 180.5 2 }1 756.3 1 98488.6* | 5 591.6 
3/4 272.4* | 3 102886.4 | 3 048.5 3 {2 709.8 | 4 335.5* | 3 481.5 
+ 1 659.7 | — —_ 4° \1 621.0 | 1 148.2 | 4 335.5 
5 26 392.4 | 0 | 102675.6 5 1 97930.5 | 00 159.3 
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the origin of each band and the wave number of 
each line in the band together with an eye esti- 
mate of its intensity. Lines indicated by an 
asterisk are known blends. The letter ‘‘d’’ or ‘‘b” 
following the intensity estimate of a line indicates 
that it is either diffuse or broad as the case 
may be. 
DERIVATION OF CONSTANTS 


As has been found previously® the rotational 
energy function for a state having the character- 
istics of the present 3'II.a level may be written: 


F=B;(K(K+1)—A?] 
+DK%k+1)?+F2K(K+1)%. (1) 


The subscript 7 indicates the double valued na- 
ture of the function, one set of rotational con- 
stants being necessary for the c component levels 
and another for the d components of the A type 
doubling. The superscript x indicates that these 
are the so-called ‘‘effective’’ values of the con- 
stants. In analogy to the 2p'II.4 level discussed 
earlier’ it should be emphasized that in our case 
the “true’’ rotational constants are equal to the 
effective values given by the c component levels 
(our B,*, D,* etc.). 

The values of B,” as a function of v determined 
directly from the wave numbers are given in the 
first column of Table II. In the second column of 
this table are given the smoothed values from the 
following linear equation: 


(B.*)» = 30.56 — 1.643(v+4). (2) 


The third column of Table II records the ob- 
served (Bz), values. In the case of the d com- 
ponent levels we find that the A:F values, from 
which the rotational constants are determined, 
are quite irregular. It is therefore not possible to 
determine accurate values of (Bz*), and the 
values given in the table are to be considered only 
as approximations. They were determined by the 
graphical method described by Birge.* The last 


TABLE II. Values of (B;*), in cm™ units. 




















? | Oss. (B,*),| Cac. (B,*)» | Oss. (Bg*) 2} Cac. (Ba*)» 
0 29.73 29.74 31.22 30.92 
1 28.11 28.10 28.65 29.17 
2 26.43 26.45 27.62 27.43 








*R. T. Birge, National Research Council Bulletin, No. 
57, Molecular Spectra in Gases (1937), p. 172. 
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26 27 28 29 30 31 32 
Fic. 1. Graphical representation of B.* and By? as 
functions of v. 


column in Table II gives the values of (B,’), 
determined graphically from a straight line 
drawn through the data of column three. This 
last column is included only to indicate the 
futility of any attempt to represent these data by 
a simple function that will give a reasonable 
extrapolated value of (Ba*).. The values of (B;*), 
are shown graphically in Fig. 1. 

While the given values of (B,*), have relatively 
large probable errors (by comparison with the 
(B.*), values which are accurately determined by 
analytic methods) they deviate from a straight 
line by amounts many times greater than their 
individual probable errors. It is apparent from 
Fig. 1 that if the Bz” values should be represented 
by the same type of function that fits the B,* 
data so well, the rotational levels of the v=1 
state are crowded together more closely than 
they should be and the levels of the v=0 and 
v=2 states are spread more widely apart. Thus 
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Fic. 2. Graphical representation of AG :v. Data for 
v>3 are from the absorption spectrum (Beutler, Deubner 
and Junger) and for v<2 are from the present study of the 
emission spectrum. 
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SPECTRUM 


the evidence that the d component levels of the 
3p'Il.a state are perturbed is quite conclusive. 
The c component levels, on the other hand, ap- 
pear to be entirely regular. This is the same 
situation as that which exists in the case of the 
2p'II-¢ state and which has been discussed in a 
previous paper.® 

The vibrational term differences have already 
been obtained': ? from the data of the absorption 
spectrum. These data however do not give as 
accurate a value of AG, as can be obtained from 
the present work. In the first place the v=0, 1 
and 2 levels are missing in the absorption spec- 
trum and in the second place the origins of the 
bands cannot be closely determined until the 
rotational structure is analyzed. In Fig. 2 is 
indicated graphically the AG, values obtained 
from the emission spectrum (low values of v) and 
from the absorption spectrum (high values of v). 
The directly determined AG, values from the 
present study are AG;=2226 and AG,;=2099 
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TABLE III. Constants of the 3p'I-a state. 


- 113908+10 cm™ | re 1.044A 

B. 30.56+0.04 cm™ Q 1.643 cm= 
AG, 2353410 cm™ 2X We 
} * 0.9051 X 10-* g cm? 


227 cm™ 





cm respectively. The extrapolated value of AG, 
is then 2353+10cm™ as compared with 2316+ 20 
cm~', derived? from the absorption spectrum. 

A summary of the values of the important 
constants is given in Table III. 

It may be remarked that in the calculation of 
T. as given in Table III the presence of A in the 
rotational energy function (Eq. (1)) was taken 
into consideration. 

A search for the 3p'II.¢—1s' band system in 
the emission spectrum of Dz has been made, but 
because of the very small intensity of the D» 
spectra on the photographs thus far obtained and 
measured, the result of this study is inconclusive. 
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The Classification of the Spectrum of Singly Ionized Tin. Sn II 


W. W. McCormick AnD R. A. SAWYER 
University of Michigan, Ann Arbor, Michigan 
(Received May 7, 1938) 


The spectrum of Sn II, as excited in a hollow cathode discharge in helium, has been photo- 
graphed from 800A to 10,000A. Some 70 new lines have been classified and 28 new levels 
established. A few changes have been made in the levels and classifications previously made by 
Green and Loring, Narayan, and Lang. The 5s*ms, —mp, —md and —mf series have been 
extended, and the ?F levels have been resolved for the first time. Six members of the 5s*mg *G 
series have been located and used to make a new determination of the ionization potential of 
Sn II as 118,017+3 cm. The classification has been checked by series relations, Zeeman 
patterns, and by comparison with the isoelectronic spectra In I and Sb III. Irregularities in 
the 2S and 2D terms are explained qualitatively by consideration of interactions with perturb- 


ing terms from the configuration sp. 


HE first classifications of Sn II were made 

independently by Green and Loring! and 
by Narayan and Rao? and were in substantial 
agreement. Green and Loring, using vacuum 
arc data, supplemented by data of R. J. Lang 
in the extreme ultraviolet, and with the help of 
a few Zeeman effects, classified thirty of the 
stronger lines, fixing nineteen low levels. Two 


‘Green and Loring, Phys. Rev. 30, 574 (1927). 
* Narayan and Rao, Zeits. f. Physik 45, 350 (1927). 


levels each were found in the low normal 2S, ?P, 
2D and °F series, and the 7D and 2S levels from 
the configuration sp? were located. Lang* later 
rephotographed the spectrum with a hollow 
cathode discharge, and made a few corrections 
and additions, notably the *P terms from sp’. 
No high terms were found in these researches 
and the ionization potential was determined 
only roughly by Green and Loring, who fixed it 


3 Lang, Phys. Rev. 35, 445 (1930). 
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TABLE I. Unresolved Zeeman patterns of Green and Loring, 
and computed centers of intensity according to Shenstone and 
Blair's formula. The observed pattern for each line is given 
Sirst, the computed pattern is immediately below. 











r PATTERN CLASSIFICATION 
3283 (0) 0.91 P? *Ds2— 4 Foie 
° 0.90 

3352 (0) 17j PP *Ds2— 4? Fi 
1.0 

5332 (0) 0.835 6 P1)2—67D3/2 
0.833 

5562 (0) 1.04 6°P3/2—67D5/2 
1.10 

5589 (0) 0.90 5?D3/2—4? Fe 
0.90 

5799 (0) 1.07 53°D5/2— 4? Fr/2 
1.07 








by assuming equal effective quantum numbers 
for the first two members of the ?F term sequence. 

The lowest state of singly ionized lead is 
5s°5p*Pi/2. Excitation of the 5 electron to 
higher states gives rise to the usual doublet 
series 2S, ?P, 2D, ?F—, all of which have as a 
limit the 5s?'So term of Sn III. Excitation of 
one of the two 5s electrons leads to configurations 
of the types 5s5p?, 5s5p5d, 5s5d?, etc., with 
higher limits in the Sn III spectrum. However, 
a consideration of the energy values in Sn III, 
corresponding to the excitation of a 5s electron 
to 5p, 5d, etc., states, permits a rough calculation 
of such energies in Sn II. It is easily seen that 
the only configuration arising from an excited 
5s electron in Sn II which will lie below the 5s? 
ionization limits is 5s5p*. From this configuration 
are expected the eight levels ‘*P1/2, 3/2, 5/2, 
2D3/2, 5/2» 2P 1/2, 3/2 and 2S 1/2. As noted above, 
six of these terms were found by earlier investi- 
gators, in addition to a few low terms in the 


normal series. 
EXPERIMENTAL 


The light source chosen for the present 
investigation was the hollow cathode discharge 
in an atmosphere of helium. The excitation in 
this discharge tends to be limited by the reactions 
between the metal atoms or ions and the meta- 
stable or ionized rare gas atoms.‘ The energy of 
ionization of helium is about 198,000 cm while 
that of Sn I is roughly 59,000 cm. Thus there 
is left available nearly 139,000 cm- from this 
reaction for the excitation of the Sn II levels. 


Sawyer, Phys. Rev. 36, 44 (1930). 
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Since the ionization potential of Sn II is approxi- 
mately 118,000 cm™', it is apparent that the 
Sn II spectrum should be completely excited in 
this discharge, while the residual energy above 
that required to doubly ionize tin is not sufficient 
to excite even the lowest Sn III levels, which 
lie about 55,000 cm™ higher. The only difficulty 
in obtaining satisfactory spectra from the dis- 
charge arose from the low vapor pressure of tin 
(boiling point 2260°C), which tends to keep the 
tin pressure in the discharge too low for the best 
intensity in the higher excited states of Sn IT. 
The gas purifying system and excitation 
conditions have been sufficiently described else- 
where.® In the present set-up, the helium was 
circulated continuously by a mercury vapor 
pump through a purifying system consisting of 
suitable traps in liquid air. Current was furnished 
by a vacuum tube rectifier, the discharge 
drawing nearly 350 milliamperes. Pure tin was 
cut into small pieces and placed inside a tungsten 
cathode, whence it entered the discharge both by 
temperature evaporation and by bombardment. 
The spectrum of the discharge was photo- 
graphed from 800A to 9000A, a region sufficient 
to cover all the important lines of the tin spark 
spectrum. The region of wave-lengths shorter 
than \2200 was photographed with a concave 
grating vacuum spectrograph. The grating 
(1 m radius, 14,400 lines per inch) gave a 
dispersion of about 17A/mm. Satisfactory stand- 
ards of wave-length were found among the O, 
He, and Hg lines which appeared in the dis- 
charge. The region from 2200A to 2700A was 
photographed with a Hilger E2 quartz spectro- 
graph, while for the regions 2500A to 4500A and 
4500A to 10,000A, a Hilger E1 quartz and a 
glass spectrograph of comparable dimensions 
were used. Iron arc comparison spectra were 
placed on all plates through the quartz and 
glass regions up to 8000A. Above 8000A a neon 
comparison spectrum was used. All plates were 
measured on a Gaertner comparator. The calcu- 
lated wave-lengths in air were reduced to wave 
numbers in vacuum with the help of Kayser’s 
table. For wave-lengths greater than 2200A, the 
wave number values are probably correct, in 
most cases, to about one wave per centimeter ; 


5 Sawyer and Paschen, Ann. d. Physik 84, 1 (1927). 
6 Sawyer, J. Opt. Soc. Am. 15, 305 (1927). 
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yproxi for the wave-lengths from the vacuum spectro- DATA AND CLASSIFICATION 
at the graph, the error is somewhat greater and may be Green and Loring,' in their work on the 
ted in as high as 10 cm™ for the shortest wave-lengths tin spectra, determined the Zeeman effects 
above and weakest lines. of eight Sn II lines. Only two of the pat- 
ficient 
which TABLE II. Classified lines in Sn II. 
iculty | SSS = 
e dis- I » Vac. v Vac. CLASSIFICATION Av Notes I d AIR v Vac. CLASSIFICATION Av Notes 
of tin 0 | 888.38 | 112,564 | S?Pi2—11?Ds/2 7 1 | 2912.80 | 34,321 | S*Ds2—9?Psi2 0 
; h 1 899.92 | 111,121 52P i 2—10°D3/2 —1 6 | 2919.82 34,239 OP )2—8?D3/2 1 
‘P the 2 917.40 | 109,004 52Pi/2—9°D3/2 —1 0 | 2943.60 33,962 52D5)2 — 6? Fre 0 
P best 0 923.07 | 108,334 §2P3/2—112D5/2 —2 3 | 2991.00 33,424 | p?*Dsa— T?P 3/2 0 
II 1 935.63 | 106,880 52P3/.—10°D5/2 4 7 | 2994.44 33,386 6° P3/2—8?Ds5/2 0 
: 3 945.83 | 105,728 §?2P i /2—82D3/2 2 0 | 2997.13 33,356 6° P3)2—8°D3/2 0 
ation 4 954.50 | 104,767 5?2P3/2—9°D5/2 4 1 | 3012.18 33,189 Pi /2—- 9? Sie 0 
1 7 985.13 | 101,508 5?P3)2—8?D5/2 0 8 | 3023.94 33,060 | p?*Dse—7T*Pin —1 
| 1se- 0 995.77 | 100,425 52P 32-97 Sie 2 12 | 3047.50 32,804 | p? *Dse— 7?P3i2 0 
l was 4 997.21 | 100,280 §?Pi2—7?D3/2 0 6 | 3094.69 32,304 6 P 32-9? Sis2 1 g 
y 2 | 1016.26 98,400 5? Pi j2— 8? Si/2 —1 50 | 3283.21 30,449 | p? 2D; 2— 4° F 5/2 —1 x 
oor 4 | 1040.78 | 96,082 | 5?Ps2—72Dsv 0 60 | 3351.97 | 29,824 | p?2Ds.—42 Firs 0 |x,/ 
ng of 1 | 1041.32 96,032 5?P3/2—72D3/2 —4 0 | 3355.55 29,793 §2D32— 8*P 2 2 
ish d 3 | 1062.10 94,153 §2P 3/2 — 8? Si/2 —6 2 | 3407.48 29,339 5§2Ds2— 8° P32 —1 
e 8 | 1108.19 90,237 5?P12—6D3/2 1 x 10 | 3472.46 28,790 6? P /2—7?2Dsy2 0 
large 4 | 1159.05 86,277 52Pij2— 77 Si/2 —-1]y,a 7 | 3537.57 28,260 §2D3/2— 5? Fy/2 2iy,4 
w 10 | 1161.43 86,101 5? P 3/2 —6°D5/2 —-5 |x 11 | 3575.45 27,960 6 P3)2—7?Ds2 Oly, k 
as 3 | 1162.94 85,989 5?P 3/2 —6?D3/2 —-3 |x 3 | 3582.39 27,906 6?P 3/2 — 7?D3/2 0 
xsten 4 | 1180.51 84,709 S2Pi2—p?*Ps2 | —3 | x, 6 c | 3587.33 27,867 | p? *Pin—CPsr h 
h by 9 | 1219.07 82,030 §?P3/2— 7? Si/2 —6 \y,a 2 | 3620.08 27,616 §2Ds5)2—5* Foie 0\4 
y 13 | 1223.70 81,719 5?2Pij2— p? *Sive ois,7 6 | 3620.54 27,612 §2D5;2 — 5° Fre 0 | y,2 
nent. 11 | 1243.00 80,450 3?P32— Pp? 2P 3/2 4 |x, y,b ec | 3705.10 26,981 | p? *Pin— 6*Pi/2 h 
10to 20 | 1290.86 77,467 52P3/2— p® *Si/2 Gis. 7 6 | 3715.23 26,909 OP /2— 8? S12 0 
s 5 20 | 1316.59 75,953 3*P3.— fp? 2Pi/2 0 4 | 3841.44 26,024 6 P3/2— 8? Si/2 1 
cient 25 | 1400.52 71,402 52Pi2—5?D3/2 7 is 0 | 3984.77 25,088 4° Fr2.—11°G 0 
ark 20 | 1475.15 67,795 52P3/2—5?Ds/2 O0j|x 0 | 3994.51 25,027 | p* §P3)2>—6°P ie 0 
P 9 | 1489.22 67,149 5?2P3)2—52D3/2 4\x 0 | 4110.51 24,321 4° Fy)2—-10°G 0 
orter 7 | 1699.47 58,842 SPin—p? 2Ds/2 0127, ¢ 0 | 4111.59 24,315 4° F5,2—10°G 0 
cave 7 | 1758.00 56,883 5?Pi/2—6?Si/2 0O|x 0 | 4293.61 23,284 4° Fy)2—8G 0 
8 15 | 1811.34 55,208 5?P3;2— p? 2Dsi2 zis 1 | 4294.65 23,278 4° Fy. —-98G 0 
ting 9 | 1831.89 54,588 §?P32— p? *Dsi2 21 a,¢ 1 | 4579.13 21,832 4° Fr)2—8°G 0 
ea 12 | 1899.91 52,634 52P3)2—67Si/2 -—-3 |x 1 | 4580.29 21,826 4° Fs). —8®G 0 
1 | 2149.31 46,527 | p 2D 3/2 — 6? F5/2 2 0 | 4792.22 20,861 52Ds32— 7?P 3/2 0 
and- 30 | 2152.22 46,464 S*Pije— p? *Ps2| —1 | y 2 | 4877.22 20,498 52D3;2—7?P ive 0 
,O 3 | 4944.31 20,219 §*Dsn—7?P 2 0 
Pre A AIR | » Vac. 2 | 5071.14 | 19,714] 427;2—7G 0 
dis- 4 | 2209.67 45,241 5*P32— p *Ps2 Oly 2 | 5072.67 19,708 4° F3).—72G 0 
was 6 | 2246.07 44,509 5*Pi2— p? *Pise O;\y 10 | 5332.36 18,748 6°Pij2—-6°D32 elas 
3 | 2360.34 42,354 | p? 2D 3/9 — 8? Pi/2 0 20 | 5561.95 17,974 6 P32 —6?Dsi2 0} x,l 
tro- 22 | 2368.33 42,211 3*P32— p* 4P 3/2 Oj\y 25 | 5588.92 17,887 52D 52-4? Foie 0 |x, l 
and 4 | 2384.54 41,924 | p 2D 5/2 — 8° P 3/2 —1 2 | 5596.20 17,864 6°P32—6Ds/2 0} x,/l 
1 | 2433.52 41,080 6°Pij2—112D5/2 1 jd 1 | 5797.20 17,245 52*Ds5)2— 4? Foie 0 
da 15 | 2448.98 40,821 | p?2D32—5* Foe Oj;y,e 15 | 5799.18 17,239 52D 5)2— 4? Fria 0 | x, l 
‘ons 13 | 2483.48 40,254 §?P32.— p? *Pir 3 /y¥ 0 | 5965.69 16,758 72P32—9D52 —1 
10 | 2486.99 40,197 | p 2D52— 5? Fr/2 0 | y,e 6 | 6077.48 16,449 4° Fi .—6G 0 
vere 5 | 2522.61 39,630 6?P/2—10°Ds5/2 0 5 | 6079.70 16,443 4° Fs)2—-6G 0 
and 0 | 2579.08 38,762 6?P3/2—10°D5/2 0 70 | 6453.50 15,491 67S) /2— 6° P32 O |x 
0 | 2608.67 38,322 6?P3/2—117Si/2 0 8 | 6761.45 14,786 6 Pi j2— 77 Sire 0 
eon : 2 | 2664.93 37,513 6?P i 2—9?D3/2 0 25 | 6844.05 14,608 6° Si 2-6 P ive iis 
ere O | 2711.74 36,866 6?P1/2—10?Si/2 0 20 | 7191.40 13,902 6° P sj2— 7? Sie 0 
2 | 2727.82 36,648 6 P52—9?2D5/2 1 10 | 7387.79 13,532 | p? *Dsp—OPsi2 0 
cu- 0 | 2778.34 35,982 6°P3/2— 10? Si/2 0 1 | 7408.62 13,494 TP 3:2 —8*Dsi2 0 
ave 2 | 2825.52 35,381 6°S\/2—7?P 3/2 —2 if 13 | 7741.80 12,913 | P*Ds2—O Ps 1 
1 | 2846.42 | 35,121 | 6Si:e—72Piv2 1\f 3 | 7904.00 | 12,648 | p?2Ds2—6Py2 0 
ars 
the x, Classified by Green and Loring. g, An OH line falls on the tin line. 
: y, Classified by Lang. h, These lines are covered by rather strong helium lines. 
In a, Our measurements are about an angstrom higher than Lang's. i, Green and Loring used \3624.6 and 3540.0 for this pair. 
b, Green and Loring classified as 5*P1/2, 3/2 —72S1/2. k, Lang classified as 6?P 1/2 —72D 12. 
er ; c, Lang's classification has the j values interchanged. l, Our measurements on these strong lines are lower than those of 
d, May be the line 2433.473 classified in Sn I by Green and Loring. Green and Loring by 0.5 to 0.9A, perhaps because of the greater 
e, Green and Loring gave A2849.8 and \2488 for this pair. sharpness of the lines from the hollow cathode. 


f* Green and Loring used 2789.32 and \2761.78 for this pair. 
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terns were resolved, 6453 6?P3;2—6°Si/2 and 
45596 6°D1/2—6°P3/2, and gave patterns in com- 
plete agreement with the assignments. However, 
the later work of Shenstone and Blair’ permits 
the calculation of the center of intensity of 
unresolved patterns. Table I shows the results 
of such a calculation for the remaining magnetic 
measurements of Green and Loring on Sn II 
lines. In this table, for each line, is given the 
separation observed by Green and Loring and, 
immediately below it, that to be expected from 
the formula of Shenstone and Blair for the 
classification given by Green and Loring. The 
correctness of the assignments is established by 
the good agreement. The 6°P, 5°D, 5°D and p? 2D 
differences are thus established and these differ- 
ences, together with the 5°P difference of Green 
and Loring, which was assumed to be correct, 
formed a starting point for further classification. 

It was found possible to extend all the doublet 
series beyond the two members already known. 
The 4°F and 5?F terms were resolved for the 
first time and found to be inverted. The 4*4F — m?G 
series were discovered and six terms measured, 
and the p*?P term located. In all, over 100 lines 


TABLE III. Term values in Sn II, with separations and 
effective quantum numbers. Previously determined 
terms are ttalicized. All others are new. 





























4 5 6 7 8 9 10 11 
2Siy2 61134 |31741 |19618 |13338 | 9661 7321 
n* 2.680 | 3.719 | 4.730 | 5.737 |6.741| 7.743 
2Pije 118017 |46527 |26114 | 16821 
n* 1.929 | 3.072 | 4.100 | 5.108 
4252 884| 363 191 
2P 3/2 113765 |45643 |25751 |16630 | 11649 
n* 1.965 | 3.101 | 4.129 | 5.138 | 6.139 
2Dsj2 46612 \27779 |17737 |12287 | 9014 | 6897 5446 
n* 3.069 | 3.975 | 4.975 | 5.977 | 6.978 |7.978| 8.978 
642 110 54 30 20 16 13 
2Dsj2 45970 |27669 |17683 |12257 | 8994 | 6881 5433 
n* 3.090 | 3.983 | 4.982 | 5.984 | 6.986 |7.987 8.988 
2F 5/2 28725 | 18354 |12650 
n* 3.909 | 4.891 | 5.891 
—6 —4 
2F ip 28731 | 18358 
n* 3.909 | 4.890 
2G7/2, 9/2 12282 | 9017 | 6899 | 5447 | 4410 3643 
n* 5.978 | 6.977 | 7.977 | 8.977 |9.977 | 10.977 








4Pij2 | 73508 
6s6p? 4P3j2 | 71554 | *D3yj2 |59175 | *Pij2 137812 


4{Psj2 | 68524 | *Dsj2 |}68555 | *P3/2 133311 | 2Sij2 | 36298 
































7 Shenstone and Blair, Phil. Mag. 8, 765 (1929). 
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TaBLE IV. Unclassified lines of tin. The lines given by 
Arnolds are marked with an asterisk. 
The other lines are new. 








INTENSITY A AIR vy Vac. INTENSITY A AIR v Vac. 

*Q9 2265.98 44,116 *13 = 3413.03 29,291 : 
9 2419.49 41,318 10 3102.23 32,226 
*10 2445.01 40,887 *® 3122.51 32,016 
8 2504.59 39,915 *40 3223.59 31,012 





were classified and are given in Table II. Lines 
classified by other experimenters and changes 
made by the authors in previous classifications 
are indicated in the notes. The classified lines 
determine 48 terms, which are given in Table 
III, together with the separations and effective 
quantum numbers of the doublet series members. 
The term values here giver are based on a new 
value of the ionization potential (118,017+3 
cm~'). This value was determined by adjusting 
the term values of the °G series until the quantum 
defects approached constancy, which could be 
done with an uncertainty of about one wave 
number. The accuracy of the determination of 
the ionization potential is then limited by the 
uncertainty in fixing the 5?P 1/2 level on the basis 
of the vacuum data for transitions to this term. 
Since there are several such transitions the 
uncertainty is much less than in a single measure- 
ment and is probably about +3 cm. 

The p*?P terms had not been located previ- 
ously, but Lang’s suggestion that the pair 
\A1180.51 and 1243.00 formed part of the ?P ?P’ 
multiplet was adopted and the remaining pair 
searched for. A strong line at 1316.59A is 
probably one line of this pair but its companion, 
P? *Pij2—S5*P1;2, was not found. The location of 
these terms may be checked approximately by 
the relation given by Bacher and Goudsmit® 
which states that, for Russell-Saunders coupling, 
the interval between the terms *P and ?P from 
the configuration sp? should be three halves the 
interval between the *P and 'P terms of the 
corresponding configuration of the once more 
ionized atom when the intervals are measured 
between the centers of gravity of the terms. 
The 5s5p?(*P—*P) difference in Sn II is about 
35,000 cm while the 5s5p(@P—'P) interval in 
Sn III is 22,600 cm. The ratio is, then, 1.57. 


8’ Bacher and Goudsmit, Phys. Rev. 46, 948 (1934). 
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SPECTRUM 


The agreement is good considering the fact that 
the coupling is probably not extreme Russell- 
Saunders. 

The lines given in Table IV are the only ones 
of considerable intensity in the data which are 
unassigned. Those marked with a star were 
listed by Arnolds’ as tin lines. Some of the 
stronger unclassified lines may belong to the arc 
spectrum of tin, although they do not fit in the 
existing term scheme.! 


PERTURBATIONS 


A consideration of the effective quantum 
numbers in Table III indicates that the *P and 
2F series are regular, as is to be expected in view 
of the absence of perturbing terms of the same 
parity. Likewise, the *G terms are expected to 
be regular, since they have no J values in 
common with the other even terms. 

Irregularities occur, however, among the other 
even terms; the 72S term is displaced somewhat 
from the predicted location while the 5*D terms 
are markedly displaced and have a larger 
separation than expected. These irregularities 
are shown graphically in Fig. 1, where the 
Rydberg correction term a is plotted against 
the principal quantum number n. The fact 
that the quantum numbers of these terms are 
higher than expected is interpreted as being 
due to repulsion from the lower lying perturbing 
terms p??S and p?*D. The perturbing terms, 
themselves, are probably displaced downward 
because of the interaction. Thus the p**S term 
is found between the p??P terms, whereas its 
normal position would be above them. A rough 
calculation, assuming the Slater interval rela- 


TABLE V. The regular doublet law. Values of the screening 
constant, s, from the relation A — Ra®(Z —s)* 
ro = n(l+1) . 














SP 6P 7P sP 
In I 31.44 38.30 39.04 
Sn II 29.32 33.99 35.62 36.55 
Sb III 27.94 32.24 

sD 6D 7D 8D oD 
In I 41.58 38.73 39.21 39.13 
Sn II 33.04 37.49 38.24 38.78 38.93 


Sb III 27.80 35.84 





® Arnolds, Zeits. f. Wiss. Phot. 13, 313 (1913-14). 
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Fic. 1. Irregularities in the 2S and 2D terms of Sn II, as 
shown by plot of the Rydberg correction term, a, vs. 
principal quantum number, n. 


tions,'® indicates that the p??D terms are lower 
by some 9000 cm than their predicted position. 
These series terms and the corresponding per- 
turbing terms share characteristics to such an 
extent that it is nearly impossible to distinguish 
between them. 

Comparisons with the isoelectronic spectra 
In I and SbIII were made by investigation of 
the regular and the irregular doublet laws. 
Unfortunately, data on these spectra are not 


very complete so that the number of comparisons 


which could be made was not large. 
From the expression : 


Ro?(Z—s)* 
 ni(1+1) 


the values of the screening constant s have been 
computed and are shown in Table V. The 
agreement is satisfactory for heavy atoms, 
particularly in view of the existing perturbations. 
The large changes in the values of s for the 5D 
terms of successive isoelectronic spectra is 
indicative of the perturbation of these terms by 
the p??D terms. 





10 Slater, Phys. Rev. 34, 1293 (1929). 
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The Thermal Expansion of Crystalline Sodium Between 80°K and 290°K* 


SIDNEY SIEGEL AND S. L. QuimBy 
Columbia University, New York, N. Y. 
(Received May 5, 1938) 


The observed linear thermal expansion of crystalline sodium is tabulated at ten degree 
intervals between 80°K and 290°K. The behavior of this material is in accord with the relation 
obtained by Gruneisen between thermal expansion and heat content, within the precision 
measure of the latter quantity. A description of the thermal expansion and cryostatic apparatus 


is given. 





HE only data on the thermal expansion of 
sodium that the writers have been able to 
discover are the observations of Dewar,! who 
measured the density of sodium at the tempera- 
ture of boiling liquid oxygen, and those of 
Richards and Brink,? who measured the density 
at 20°C. This circumstance blocked the com- 
pletion of a research on the temperature variation 
of the principal elastic constants of crystalline 
sodium, in which the dynamical method of 
Balamuth’ and Rose‘ was used. Accordingly the 
investigation here reported was undertaken. 


APPARATUS AND METHOD 


The specimen material is triply distilled 
Mallinckrodt sodium, the first and last quarters 
of the distillate having been rejected in the first 
distillation. The specimens are single crystals in 
the form of right circular cylinders 0.47 cm in 
diameter and 4 cm long.® 

A cross-sectional elevation and two cross- 
sectional plans of the thermal dilatometer are 
shown in Fig. 1. The dilatometer proper, repre- 
sented by the cross hatched portion of the 
figure, is constructed entirely of clear fused 
quartz. The envelope is Pyrex glass. The speci- 
men is loosely encased in a thin-walled glass tube, 
which is held vertical against guides on a vertical 
support by a silk thread. This thread passes 
around the tube at its middle, over pulleys on 


*Publication assisted by the Ernest Kempton Adams 
Fund for Physical Research of Columbia University. 

1 Dewar, Proc. Roy. Soc. 70, 237 (1902). 

2 Richards and Brink, J. Am. Chem. Soc. 29, 117 (1907). 

3 Balamuth, Phys. Rev. 45, 715 (1934). ; 

4 Rose, Phys. Rev. 49, 50 (1936). 

5 The experimental methods for growing and handling 
the crystals will be described in the paper dealing with the 
elastic constants, shortly to be submitted for publication in 
this journal. 
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opposite sides of the support, and down to a 15 
gm weight, not shown, hanging below. The 
specimen rests on a hemispherical protuberance 
on a horizontal plate fused to the bottom of the 
support. 

A bit of microscope cover glass is placed on 
top of the specimen, and on this rests a 2 mm 
quartz rod held vertical in guides. This rod can be 
raised or lowered into position by means of a 
silk thread attached near the top and wrapped 
around a spindle operated through a ground glass 
joint. The top of the rod is drawn out to a very 
fine, short, vertical fiber. Immediately adjacent 
to this fiber is another, attached to the support. 
The tips of both fibers are viewed simultaneously 
through a compound microscope equipped with a 
32 mm objective and a filar micrometer eyepiece. 
The change in length of the specimen is measured 
by measuring the change in the distance between 
the fixed and moving fiber tips. 

The temperature of the specimen is measured 
with a copper-constantan thermojunction located 
near its midpoint. The thermojunction leads are 
brought out of the envelope at the points labeled 
T.C. in the figure. 

The dilatometer and microscope are mounted 
in common on a heavy metal fitting, which is 
firmly secured to an elevating table. The speci- 
men is inserted in the cryostat described below, 
or in an appropriate constant temperature bath, 
by lowering this table. This procedure leaves the 
entire measuring equipment undisturbed. 

Observations below 100°K are made with the 
lower part of the dilatometer immersed in a 
dewar of liquid nitrogen and liquid oxygen. 
Above 220°K the bath liquid is methanol con- 
taining a suitable amount of solid carbon 
dioxide. Thermal contact between the specimen 
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THERMAL EXPANSION OF SODIUM 


and these constant temperature baths is secured 
by filling the dilatometer with helium at atmos- 
pheric pressure. Temperatures between 100°K 
and 220°K are obtained with the cryostat shown 
diagrammatically in Fig. 2. 

C (Fig. 2) is a copper tube 10 inches long, 33 
inch internal diameter, and ? inch wall thickness, 
about which is wound a single layer of No. 22 
copper wire. It hangs suspended by three Bake- 
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Fic, 1. Diagram of the thermal expansion apparatus. 
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Fic. 2. The cryostat for obtaining temperatures between 
100°K and 220°K, 


lite screws from a copper pan, D, and is sur- 
rounded by an unsilvered dewar, B, which can at 
will be evacuated or filled with helium. This 
dewar rests on a brass and Bakelite frame, not 
shown, in a large high vacuum silvered dewar, A, 
which is mounted in a wooden box. The top of 
this box supplies the support for the pan, D, and 
the suspended copper tube. The pan is filled with 
a slush of solid carbon dioxide and methanol, and 
the large dewar with liquid nitrogen. 

The temperature of the cryostat is adjusted by 
manipulating the current in the coil and the 
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vacuum in the dewar, B. The maximum tempera- 
ture difference between the top and the bottom of 
the tube is about 1°K. The temperature of the 
specimen in the cryostat is easily stabilized to 
0.1°K for several minutes. A single run from 
220°K to 100°K, with observations every 10°K, 
takes about 8 hours and consumes about 15 Ib. of 
liquid nitrogen. 


RESULTS 


The data given in Table I represent the mean 
of observations on three single crystals of sodium. 
The data on one of these crystals is plotted in 
Fig. 3. None of the observations on any of the 
crystals departs from the mean by more than 0.3 
percent of the total change in length between 
80°K and 290°K. 

The last column in Table I contains the ratio 
of the change in length per unit length here 
observed to the corresponding change in the heat 
content, AH, as calculated from the data given in 
the International Critical Tables.* In accordance 
with a simplified relation obtained by Gruneisen 
from the lattice theory of crystals’ this ratio 
TABLE I. The thermal expansion of crystalline sodium. The 


last column gives the ratio of the thermal expansion 
to the corresponding change in the heat content. 





ToTtaL EXPANSION 
IN PERCENT OF 


Temp. THE LENGTH AT 


AXD $. L. 





(°K) 273°K (AL/L)/AH 
80 —1.155 2.36 
90 1.114 

100 1.071 2.41 

110 1.022 

120 0.970 2.40 

130 0.917 

140 0.860 2.42 

150 0.801 

160 0.742 2.44 

170 0.682 

180 0.621 2.46 

190 0.557 

200 0.493 2.46 

210 0.428 

220 0.361 2.47 

230 0.294 

240 0.226 2.51 

250 0.158 

260 0.090 2.50 

270 0.022 

280 +0.047 

290 +0.116 2.31 














® International Critical Tables, V, p. 88. 
7Gruneisen, Handbuch der Physik, Vol. 10, p. 42. 
Durand (Physics 7, 297 (1936)) has shown that single 





QUIMBY 














30 130 170 210 
1 L 1 1 1 L L 1 i 1 a 





Fic. 3. The thermal expansion of a single crystal of 
sodium. The circles represent observations made with the 
temperature decreasing, and the dots observations made 
subsequently with the temperature increasing. 


should be independent of the temperature. The 
agreement is well within the precision measure 


of AH. 


ACCURACY 


The filar micrometer screw was calibrated on a 
large Geneva Society comparator. The calibration 
constant of the microscope is 0.00145 mm per 
scale division of the screw head, and is uniform 
over the working range. Settings can be repeated 
within a single division. The correction for the 
thermal expansion of 4 cm of quartz amounts to 
only 1 percent. The thermocouple was tempera- 
ture calibrated before and after the observations 
against a platinum resistance thermometer 
certificated by the National Bureau of Standards. 
The two calibrations agreed to 0.2°K. Ac- 
cordingly it is estimated that the measurements 
of AL are accurate to 0.002 mm. 

In conclusion, the writers acknowledge their 
indebtedness to the Ernest Kempton Adams 
Fellowship of Columbia University for the 
financial assistance which made this research 


possible. 


crystals of MgO obey Gruneisen’s relation over the same 
temperature range. 
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A Generalization of the Theory of Ferromagnetism* 


F. BITTER 
Massachusetts Institute of Technology, Cambridge, Massachusetts 


(Received May 18, 1938) 


The Weiss-Heisenberg theory of ferromagnetism is dis- 
cussed and generalized in a plausible way. Whether this 
generalization is theoretically sound must be determined by 
a quantum-mechanical investigation. The proposed equa- 
tions of state, however, may be regarded as an attempt to 
describe antiferromagnetism (i.e., the case in which 
oppositely directed spins on adjacent atoms have the 
lowest energy), pure metals having less than one spin per 
atom, and the magnetic properties of alloys. No attempt is 
made to compare the results with the properties of actual 


alloys, but it is shown that the proposed equations do give 
systems in which the Curie temperature depends on com- 
position and atomic order; in which nonmagnetic metals 
may combine to produce a ferromagnetic alloy; in which 
wasp waisted hysteresis loops occur; and in which heat 
treatment may radically affect magnetic properties. Large 
effects are predicted which should make it easy to verify 
experimentally whether or not the proposed approach to 
the problem is on the right track. 





HE theory of ferromagnetism as developed 

by Weiss, Heisenberg, and others, has been 

used chiefly to interpret the magnetic properties 
of crystals of like atoms in which internal forces 
tend to make elementary magnetic moments 
point in the same direction. In this field even the 
simplest form of the theory has been quite suc- 
cessful in accounting for the dependence of 
spontaneous magnetization, magnetic suscepti- 
bility, and specific heat on temperature. The 
simple magnetic equation of state which gives 
these results is admittedly only approximate, but 
its success has been sufficient to give point to 
the question of how it might be generalized to 
include systems of unlike atoms and systems in 
which conflicting internal forces may be present. 
There is at present no hope of setting up such 
equations rigorously, and we shall consequently 
have to content ourselves with plausible guesses 
based on the theories of Weiss and Heisenberg, 
which we shall first briefly review. We shall 
assume systems containing dipoles that are either 
parallel or antiparallel to each other and to the 
externally applied field. In a system containing NV 
such dipoles of which N+ are pointing to the 
right and N— are pointing to the left, the rela- 
tive intensity of magnetization is defined as 
i=(N,—N_)/(N.+N_), and the total intensity 
of magnetization is defined as J=yuNi. The 
Langevin theory of paramagnetism states that 
* The outlines of this paper were first presented at a 
meeting of the American Physical Society, December 28- 
30, 1936, and at the Symposium on the Structure of 


Metallic Phases, held by the department of physics of 
Cornell University, July 1, 1937. 


if these elementary dipoles do not interact with 
each other, the magnetization 7, absolute tem- 
perature 7, and magnetic field 7 are related by 
the equation i=tanh (u/7/kT). The Weiss theory 
generalizes this by saying that if the dipoles do 
interact, this interaction may be represented as 
an additional field proportional and parallel to 
the intensity of magnetization and the equation 
of state becomes 


i=tanh [(Di+ull)/kT]. (1) 


From this equation of state one can calculate the 
physical properties of the system. The spon- 
taneous magnetization (i as a function of 7 for 
H=0) and volumes susceptibility (Ko=uN 01/d1/ 
for H7=0) follow directly. If the equation has 
more than one solution, the most stable one is 
defined as that having the lowest free energy 


f=u-—wiH—Tg, the internal energy u and 
entropy ¢ per atom being defined by! 
oH dI 
au-sdT—(T_——11) “, (2) 
*“\ aT N 
s;,dT OH dl 
e=—_-—-, (3) 
T oT N 


where s; is the atomic specific heat at constant 
magnetization. Substituting from the equation of 
state and integrating one finds that 


u=—4}D??, (4) 
g= —$k[(1+72) In (1+7)+(1—2) In(1—1)], (5) 


! See F. Bitter, Introduction to Ferromagnetism (McGraw- 
Hill, 1937) Chapter IX. 


79 











80 F. 


terms independent of 7 being omitted. s; can be 
shown to be independent of 7. 

The Heisenberg theory is the quantum-me- 
chanical counterpart of an earlier theory due to 
Ising? which was first developed for the case of 
linear chains of atoms, but which we shall run 
through in a more general way. The magnetic 
moments are assumed to be distributed on the 
lattice points of a crystal, and each dipole has z 
nearest neighbors. It is assumed that only nearest 
neighbors interact, and that the total energy of 
the crystal may be taken as the sum of the 
mutual energies of all pairs of nearest neighbors 


Nu= €44.744+€4-74-f+e__p__. 


€,4 is the interaction energy of a pair of positive 
dipoles, vi, is the number of these present in 
some particular configuration of the crystal, and 
it is assumed for simplicity that the total volume 
of the crystal is one cubic centimeter. It can be 
shown that this expression can be rewritten in 
terms of a new parameter o, sometimes called the 
short range order, defined by 


v+-= }N2(1—<¢). 
From this definition it follows that 
v44= 4N2{1+i—3(1—«)}, 


y__=4N2{1—-i—3(1—o)}, 
u=—3}Do 


(6) 


where D is a constant derived from the inter- 
action energies. The variables 7 and o define the 
state of the crystal. Unfortunately it is not 
possible to write the entropy as a function of 7 
and o except for the case of a linear chain of 
atoms, because we do not know how to estimate 
the number of configurations corresponding to 
given values of 7 and c. We do know, however, 
that there are far more configurations for o=é 
than for any other configuration; in fact that 
the total number of configurations for all values 
of o with a fixed 7 is very nearly equal to the 
number of configurations for o=é¢ and the same 
value of 7. It can easily be shown that the mean 
value’ of ¢ is 
¢=?? 
2 E. Ising, Zeits. f. Physik 31, 253 (1925). 


3 Let x, be a number which is +1 when the &th lattice 
point is occupied by a positive moment, and —1 when 
N 


occupied by a negative moment. 2 x=N,—N_=Ni; 
k=1 


BITTER 


and that if we neglect states with values of 
o~6, the entropy must have the forms given in 
Eq. (5). With these assumptions one can readily 
obtain the equation of state (1) by minimizing 
the free energy. 

Heisenberg’s theory differs from the above 
form of Ising’s theory in two respects. First, if 
electronic spins are responsible for the mag- 
netization 7, the mean value of ¢ must be found 
by calculating the mean value‘ of the product of 
two spin operators (s;-Sx)a instead of the mean 
value of the product two numbers (x jx;)\. For 
the case of a pure ferromagnetic metal, how- 
ever, this calculation gives ¢=7? as in Ising’s 
theory, and to this approximation the two 
theories give the same result. Heisenberg, how- 
ever, goes on to assume a Gaussian distribution 
of states about the mean value, and adjusts the 
spread of this assumed distribution, so that the 
quantity o?—é* has its correct value. In this 
approximation the two theories give different 
results. Ising’s approximation is® 


wu Dip D (1-2) 
émtanh |—+—J 1-1, (7) 
kT kIL kT 3 


which behaves “‘sensibly’’ at all temperatures, 
while Heisenberg’s more correct treatment gives 


D (2-7?) 
22], 


wll ~| 
kT 2 


en 

kT kT 

which breaks down at low temperatures. The 

physical properties derived by means of these 

equations differ only slightly from those obtained 
from the simpler equation of state (1). 

This is the foundation on which we shall 
proceed with our generalization. The inclusion of 
fluctuations’ adds so much to the complexity 
of the work, and so little to the physical content 
of the equations, that we shall omit them here. 


Eq. (1) is consequently our starting point. In 


N 
2 xZ=N; 3 > > (1—xjx%) =vaB; >> xxx = Neo /2; 
k=1 all pairs all pairs 
(xin = 6; Dxjlxe = PN? = Tee + N(N — 1)xim 
= N(N—1)é;and for large values of N therefore ¢ =72?. 

4See Van Vleck, Electric and Magnetic Susceptibilities 
(Oxford, 1932) Chapter XII. 

5 A similar equation has been obtained by J. G. Kirkwood, 
J. Chem. Phys. 6, 73 (1938) for the order-disorder problem. 

6 L. Néel has attempted to include the effects of fluctu- 
ations in a different way. Ann. de physique 17, 1 (1932). 
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THEORY OF FERROMAGNETISM 81 


discussing it we may use the language of any of 
the three derivations given above, which we shall 
refer to briefly by the names of Weiss, Ising, and 
Heisenberg. Of these we shall choose the method 
of Weiss because it is best suited to discussing 
the physical ideas in words with a minimum of 
calculation. The same results follow from the 
theory of Ising if we limit ourselves to the mean 
values of the energy, but it seems hardly worth 
while to go through the calculations in print. 
Whether or not the Heisenberg theory gives the 
same result to this approximation has not been 
determined. 

Equation (1) applied to pure ferromagnetic 
media for which D>0O gives a spontaneous 
magnetization which vanishes for 7>D k=T-,; 
a specific heat having a discontinuity for 7=7-,; 
and an initial susceptibility given by the formula 


Np?/k 
Ko=- anemia (9) 
T/(1-7#)-T,. 

This quantity is 0//dH for I7=0 as calculated 
from Eq. (1). Below the Curie point it represents 
the small increase in the spontaneous mag- 
netization which can be produced by strong 
fields. This has not yet been measured. Above 
the Curie temperature there is no spontaneous 
magnetization, i=0, and the behavior of actual 
materials is fairly well described by Eq. (9). 
The internal field in Eq. (1) is assumed to be 
proportional to the intensity of magnetization. 
This statement should be made more precise by 
saying, instead, that the field acting on any one 
atom is proportional to the intensity of mag- 
netization of that group of atoms with which 
it interacts. It can be shown that for the case 
under discussion the positive and negative spins 
are randomly arranged among each other, and 
that, therefore, the intensity of magnetization of 
all groups of atoms within a region of spon- 
taneous magnetization will be the same. The 
question of the range of the interatomic forces is, 
therefore, irrelevant, and Eq. (1) will hold 
whether we assume short range forces as in the 
Ising and Heisenberg treatments, or arbitrarily 

long range forces. 
The question of the range of the forces,® 
however, becomes important when we consider 
antiferromagnetism, or the case in which the 


internal forces are such as to make interacting 
spins antiparallel to each other. To illustrate this, 
we shall consider two limiting cases. If the range 
of the forces is sufficiently large, we may assume 
as before that the internal field is proportional 
to the spontaneous magnetization, since the 
average magnetization of a sufficiently large 
group of atoms is likely to be equal to the 
spontaneous magnetization. The equation of 
state is then Eq. (1), with D k=T.<0. The 
spontaneous magnetization is now zero for all 
temperatures, the specific heat is constant, and 
the initial susceptibility is given by 
Nu? /k 
Ky=———. (10) 


This formula predicts a finite susceptibility at the 
absolute zero, continuously decreasing with 
rising temperature, and with small values of NV 
and large negative values of 7. its contribution 
to the total susceptibility is of the same order of 
magnitude as that observed for some metals. 

If the range of the internal forces is exceedingly 
short, we may neglect the interaction of all but 
nearest neighbors. In this case we must consider 
the possibility of orderly arrangements of mag- 
netic moments in such a way that the average 
intensity of magnetization of the nearest neigh- 
bors of an atom is not equal to the total average 
intensity of magnetization of nearby atoms. In 
the case of a body-centered cubic lattice, for 
instance, it is convenient to break the lattice up 
into two simple cubic lattices which have the 
property that any atom on one of these sub- 
lattices has its eight nearest neighbors on the 
other sublattice. In the absence of interactions 
between next nearest neighbors’ we may assume 
the magnetization of these sublattices to be 
uniform. Denoting the relative intensity of mag- 
netization of these sublattices by 7; and i2, we 
may write 


Dio+pH 
4; = tanh ————, (11) 
kT 
Di, +p 
12 = tanh ————-, (12) 
kT 


7For a suggestion as to how these and more remote 
interactions may be taken into account, see a note by the 
author to appear shortly in J. Chem. Phys. and footnote 
12 below. 
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since the internal field acting on the atoms of 
one sublattice is proportional to the intensity of 
magnetization of the atoms on the other sub- 
lattice. It is convenient to replace these variables 
by the total relative intensity of magnetiza- 
tion 4=(4;+7%2)/2 and an order parameter 
p= (t:—i2)/2 similar to the order parameter S in 
the theory of order-disorder in alloys. In terms 
of these variables Eqs. (11) and (12) may be 
written 


, SORE te adhe 
"(1—i—p)1—i+p) kT 
1 1- D 

Lin (1+7+))( t+p) _? (14) 
(1-i—p)(1t+i-—p) kT 


(13) 








and the expression for the internal energy be- 
comes 
(15) 


For ferromagnetic substances D>0O, and the 
solution of the above equations is p=0, and 7 
satisfies Eq. (1). For antiferromagnetic sub- 
stances D <0, and in the absence of a magnetic 
field the solution of (13) and (14) is 


=-1D(?-P"). 





1=0, 
p=tanh (—T.p/T). (16) 
N 2 
- ae, (17) 
T/(1—p’)-—T- 


The specific heat has an anomaly for T= —T, 
identical with that of a ferromagnetic at the 
Curie temperature, and the susceptibility has the 
form shown in Fig. 1. No material exhibiting 
such properties is known. 

Néel® has pointed out that manganese prob- 
ably is an antiferromagnetic substance in the 
above sense, as it has an anomaly in the specific 
heat near 350°C. Its magnetic susceptibility, 
however, is constant below the critical tempera- 
ture and falls off slightly above it. Our consider- 
ations were based on the assumption that the 
elementary magnetic moments were parallel or 
antiparallel to the applied field. Néel® shows 
that if this assumption is dropped, it seems 


8 L. Néel, Comptes rendus 203, 304 (1936). 
9L. Néel, Ann. de physique 17, 63 (1932). 


10L. Hulthen, Proc. Roy. 
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Fic, 1. Susceptibility of an antiferromagnetic substance as 
a function of temperature. 


quite reasonable to expect susceptibilities for 
T=0 of the same order of magnitude as for 
T=T., because of the rotation of individual 
magnetic moments. 

Hulthen’® has also calculated the suscepti- 
bility of antiferromagnetic materials at low 
temperatures, using a method due to Heller 
and Kramers." He finds that in small fields the 
magnetic moments tend to set themselves at 
right angles to the applied field and antiparallel 
to their nearest neighbors. At low temperatures 
the susceptibility has the form A—BT*. In 
actual materials the behavior will be complicated 
by crystalline fields tending to orient magnetic 
moments with reference to the crystallographic 
axes. If anomalies of the type shown in Fig. 1 
do actually occur, they will be superimposed on 
other effects due to causes which have not been 
considered in this article. 

The results obtainable for alloys® are very 
complicated, and we shall attempt here only to 
indicate the general outlines of a theory. If it is 
assumed that we may neglect the interactions 
of all but nearest neighbors, it is at once apparent 
that the ordering tendency of different types of 
atoms in an alloy will play an important part 
in determining magnetic properties. Further- 
more, the internal fields responsible for ferro- 
magnetism will influence the degree of order at 
any particular temperature, and these effects 
may be large, as the critical temperatures for 
ferromagnetism are of the same order of magni- 


Acad. Amsterdam 39, 190 
(1936). 
"G,. Heller and H. A. Kramers, Proc. Roy Acad. 


Amsterdam 37, 378 (1934). 
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tude as the critical temperatures for the order- 
disorder transitions. One ought really to build 
up a theory on the assumption that atoms of 
two kinds, A and B, each having a magnetic 
moment wa Or waz, Can interact in several ways, 
and that the total energy of any configuration 
of the alloy is the sum of the energies of pairs of 
nearest neighbors. This would give different 
values to parallel and antiparallel pairs of types 
A-—A, A-—B, and B—B. One ought then to 
calculate the equilibrium degree of order and 
magnetization for every temperature. The equa- 
tions defining such equilibrium may be readily 
set up in a nice symmetrical form, but their 
solution is so laborious that we shall simply 
treat the order parameter and the concentration 
as independent variables, and omit the question 
of determining the conditions that homogeneous 
phases of given composition and order may 
exist.!? 


2 The formulation of this problem may be undertaken 
quite generally as follows: Suppose we have an arbitrary 
number of kinds of atoms, arranged on the lattice points of 
a crystal. Among the various kinds of atoms we may 
distinguish between atoms of the same chemical species, 
but in different states. Our calculations are based on the 
assumptions that the energy of interaction of any two 
atoms is independent of the arrangement of the remaining 
atoms of the lattice. With this assumption interactions 
over arbitrarily large distances may be included. To do this, 
break up the lattice into a set of interpenetrating sublattices 
such that the nearest neighbors on each sublattice are a 
distance apart greater than some arbitrarily chosen 
distance, Ro, which we define as the range of the atomic 
interactions. The atoms of any one sublattice may then be 
considered to have no interaction with each other. Consider 
now any two sublattices in their mutually correct positions. 
It will always be possible to break up the original lattice 
into a sufficient number of sublattices such that each atom 
of one of any pair of sublattices j and k& has a certain 
number of neighbors on the other sublattice a distance 
Ryx.< Ro away, and that in this pair of sublattices there are 
no other neighbors at distances less than Ro. If n; represents 
the total number of lattice points on the jth sublattice, and 
n;a the number of these lattice points occupied by atoms of 
type A, we may define any configuration of the lattice in 
terms of the concentration variables xj4=nja/n;. The 
entropy may be written as a sum of terms of the form 
—xj;a In x;4. Numerical factors will appear in some of these 
terms if the number of atomic sites is not the same for all 
the sublattices. The energy may be expressed jas a sum of 
terms of the form ¢€;xasvj.a8 where the first factor represents 
the energy of interaction of two atoms A and B a distance 
Rjx apart, and the second factor represents the number of 
such pairs on the j and & sublattices in any particular 
configuration. If, as above, we replace the energy distri- 
bution by its mean value, we must calculate the mean 
values of the quantities vag. These can readily be 
calculated by the following device. Let vx, be the total 
number of pairs of nearest neighbors on sublattices j and k. 
Let 6;;“ be a number equal to unity if the ith lattice point 
on the jth sublattice in some particular configuration 


For simplicity we shall again consider a body- 
centered cubic lattice which may be broken up 
into two sublattices having the property that 
any atom of one interacts only with atoms on 
the other, if we consider nearest neighbor 
interaction only. If Nai, are the number of 
atoms of type A on sublattice one whose mag- 
netic moments point to the right, and other 
similar symbols are used for the number of 
atoms of other types we have 


Nar4tNar-=Nai, 
NaitNm=M,, 
NaitNa2=Na 


and similarly for atoms of type B and sublattice 
two. The concentration of atoms of types A 
and B on one sublattice is defined by 


yi =(Nai—Nai)/ Mi, 
Nai/Ni=3(1+91); Nai/Ni=}3(1—y:). 


The total mean concentration is 
y=(Na—Nz)/N=}3(y14+ 392) 
and the long range order is defined by 
S=3(y1—y2). 


The relative intensity of magnetization is defined 
by 
tai= (Nai4—Nar-)/Nar 


with similar variables for both types of atoms 
on either lattice. If we assume that the internal 
field acting on any one atom is made up of two 
parts, one due to the atoms of the same type, 
and one due to atoms of the opposite type, and 
that either of these fields is proportional to the 


designated by (a) is an atom of type A, otherwise 5=0. 
Similarly let y;;“ be unity if the site is occupied by an 
atom of type B, otherwise y =0. 


vjcaB™ =Dir* (bij yn™ +yijMiu™), 


Dia) ¥inan™ 
nj; ! n,! 





(v jkAB) v= 





nja!njp!- -+ mealigp! ++ 


2i:* means sum over all pairs of nearest neighbors, and 

(a) means sum over all configurations of the system. 
Substituting the first expression in the second, and summing 
first over (a) keeping 7 and / fixed, one finds that 


(v jkAB) Ay = Vjk(XjAXkB+X jBXEA). 


These expressions define the system thermodynamically. In 
many cases the number of independent variables can be 
reduced by arguments concerning the symmetry of the 
equations defining equilibrium. 
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concentration of the type of atom in question 
and to its intensity of magnetization, then the 
equations of state can be written directly in the 
following form 


Dia2(1 +2) +Gipe(1 — yo) tus 














14,=tanh ’ 
kT 

; Giao(1+y2) + Fise(1—y2) +usH 

12,=tanh . 
‘ eT 

(17A) 

; Diai(A+y1)+Giai(1—y1) tus 

14g—=tan ’ 
kT 

; Giai(1+y1)+ Fise(1—y1) tual 

tpe=tan 'T ‘ 


D, F, and G are constants. D and F determine 
the behavior of pure A and pure B, respectively. 
wa and yup are the dipole moments of an atom of 
A or B, and G determines the interactions of 
dipoles of A and B with each other. Even with 
all the above simplifications these equations are 
quite formidable, and we shall discuss only a 
few special cases. 

It is well known that ferromagnetic metals do 
not in general have an absolute saturation 
corresponding to one magnetic moment per atom, 
but that only some fraction of the atoms con- 
tribute to the ferromagnetism. A way of intro- 
ducing such a feature into the above theory is 
to let A represent those atoms having a magnetic 
moment, and to let B represent atoms with no 
moment. The equations then reduce to 








' Diao(1+y2) tus 
Z44,=tanh ’ 
kT 
(18) 
. Diaiit+y1) tus 
t4g—tan . 
kT 


The solutions of these equations are determined 
to a large extent by assumptions which we must 
make concerning the arrangement of the non- 
magnetic atoms in the lattice. If they are 
arranged at random, we may put yi=y2=y. 
Since the substance is ferromagnetic D>0, and 
hence, 741=t42. The equations reduce to the 
form of Eq. (1), and the nonmagnetic atoms have 
no influence on the properties of the system. 


If, on the other hand, the nonmagnetic atoms 
tend to arrange themselves in an orderly fashion, 
then y:~ ye, and the equation of state is modified. 
If we measure the mean concentration of non- 
magnetic atoms by the parameter y= }(yi+y2), 
and the long range order by s=}(y1—ye), the 
Curie temperature can be written in the form 


T.=(D/k)L(1+y)?—s?}}. 


It can be shown that 0<s?<(1—|y])?; that 
for 02 y2 —1, or for concentrations involving 
fewer magnetic atoms A than nonmagnetic atoms 
B, the metal may become paramagnetic simply 
because the magnetic atoms may be completely 
surrounded by nonmagnetic atoms; and that for 
0<y1 there is a real Curie temperature which 
rises as the degree of order diminishes. Under 
these circumstances, one should expect addi- 
tional anomalies in the specific heat due to the 
changes of order. 

The topics discussed so far have had to do with 
the possibilities of long range order in the elec- 
tronic states of similar atoms in a pure metal, 
and the results obtained do not seem to indicate 
that such a behavior actually exists except 
possibly in Mn. In discussing alloys, we shall 
therefore concern ourselves with ferromagnetic 
metals, as in this case the antiparallel moments 
will be arranged at random, and we shall discuss 
metals with one magnetic moment per atom 
only, so as to avoid assumptions as to how non- 
magnetic atoms are arranged in the lattice. 

If the pure metals A and B used for the alloy 
described in Eq. (17A) are ferromagnetic, then 
D and F must be positive. To illustrate the 
effect of order-disorder on the magnetic proper- 
ties, we shall consider the case of an alloy having 
A and B in equal proportions, but in one case 
fully disordered y1=y2=y, s=0; and again fully 
ordered yi=—ye=1, y=0, s=1. For the dis- 
ordered case it can be shown that the two 
sublattices are identical, 741=742, 721=%2, and 
the equations reduce to 








Diast+Gigt+usH 
44=tanh , 
kT 
(19) 
; Giat+ Fig+usH 
ip=tanh ‘ 
kT 
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Fic. 2. Plot of Eqs. (21) as functions of t4 and ig. 


For the completely ordered case, on the other 
hand t42=%g:=0 because there are no atoms of 
B on lattice 1 or atoms of A on lattice 2, and the 
equations reduce to 





2Girtusll 
14 = tanh ———_——__, 
kT 
| (20) 
2Giat+yunll 
ip=tanh ——., 
kT 


If, for instance, D= F=0 but G>0, it is easily 
seen that the Curie temperature is G/k for the 
disordered alloys, but 2G/k for the ordered 
alloy. The main point which it is desired to 


emphasize is that equations of this sort can give. 


radical changes of properties with heat treat- 
ment and can make understandable, in principle 
at least, the appearance of ferromagnetism in 
alloys of nonmagnetic elements.’® Whether a 
more detailed comparison with the behavior of 
actual systems is possible remains to be seen. 

In order to demonstrate somewhat more fully 
the predictions of Eqs. (17A) we shall discuss 
them for the case of an alloy of two ferromagnetic 
elements in any proportions in which the atoms 
are arranged at random. In this case the two 
sublattices are identical, and we may put 
¥i=Yo=y, and t41=742, 7f1=152, and the equa- 


18 Experimental work in this connection is summarized 
by F. C. Nix and W. Shockley, Rev. Mod. Phys. 10, 59 
(1938). 


tions become 


Dia(1+y)+Gin(1—y) +4. 





14 = tanh — aoe enn, 
kT 
; (21) 
; Gis(1+y)+Fin(1—y)+unll 
1p= tanh — a = ipeniahiennananaiia 


These equations may be plotted as functions of 
i, and iz as in Fig. 2. They have the form of an S, 
and may have as many as nine solutions. The 
solutions for the largest absolute values of i, 
and ig have the lowest free energy, and are, 
therefore, the most stable. For this solution i, 
and 7g will have the same sign if G>0, or opposite 
signs if G<0. If there are nine solutions, then, 
in addition to the two mentioned, there will be 
two solutions corresponding to subsidiary minima 
of the free energy at the points indicated by 
circles in the figure. None of the other solutions 
correspond to minima of the free energy, and 
are, therefore, not stable solutions. For high 
temperatures the curves cross only at the origin, 
if there is no applied magnetic field. The condi- 
tion for the appearance of spontaneous mag- 
netization is that the slope of the two curves at 
the origin shall be equal. This may occur for 
two temperatures, but the higher one of the two 
is, of course, the Curie point. The subsidiary 
minima of the free energy appear at temperatures 
below the lower of the above-mentioned tem- 
peratures. The Curie temperature is given by" 


T.=(1/2k)[D(i+y)+F(1—y) 
+{(D(i+y)—FU—y) P+4@(1—y?)} 4]. (22) 


If G is small, the behavior of the alloy will be 
almost that of two coexisting pure ferromagnetic 
metals; the Curie point of each will be pro- 
portional to its concentration in the alloy. At the 
Curie point one of these will become ferro- 
magnetic. As the temperature is lowered the 
magnetization of this component will increase 
until at some point the second component be- 
comes magnetized. The magnetization of this 
component will be parallel or antiparallel to 
that of the first depending on whether G is 
greater than or less than zero, and the mag- 


14 Expressions similar to (22) and (23) were first obtained 
by L. Néel, reference 6. 
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Fic. 3. Intensity of magnetization of an alloy. 


netization of the alloy will either increase or 
decrease with the temperature, as shown in 
Fig. 3. In the latter case the magnetization can 
be shifted from the lower to the upper of the two 
curves in Fig. 3 by the application of a sufficiently 
strong magnetic field. Hysteresis effects are to 
be expected in the neighborhood of this field 
strength because of the presence of two minima 
in the free energy of almost equal depth. This 
behavior is similar to that found in the so-called 
“‘wasp waisted”’ hysteresis loops of certain iron- 
nickel-cobalt alloys.'* Further experiments on the 
less complex alloys of this type over wide ranges 
of field and temperature are greatly to be desired. 


15 Such loops are briefly described by T. D. Yensen in 
F. Bitter, Introduction to Ferromagnetism (McGraw-Hill, 
1937). 
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For other values of G one may expect a behavior 
of the spontaneous magnetization ranging from 
that shown in Fig. 3 to that of a pure substance. 
If G?=DF, the Curie temperature is a linear 
function of the concentration, and if in addition 
D= Fallalloys behave like either pure substance. 
The anomalies in the spontaneous magnetiza- 
tion will, of course, be reflected in the behavior 
of the specific heats. Also the initial susceptibility 
above the Curie point will no longer be given 
by the simple formula, Eq. (9) with 7=0, but 

by the expression 
Nw T+(1/2k)(2G —D—F)(1—y°") 


cia tae ’ 


k (T—T;)(T—T2) 





(23) 


T, being the Curie temperature as defined in 
Eq. (22), and T2 a lower temperature defined by 
this same expression with a negative sign in 
front of the square root. It is assumed that 
HA=MB=H. 

The behavior of an alloy in the neighborhood 
of its Curie point is not completely determined 
by Eqs. (17A). For a range of temperatures near 
the critical temperature the alloy may break up 
into a paramagnetic and a ferromagnetic phase 
having different compositions. This behavior is 
influenced by interaction energies which do not 
appear in the magnetic equation of state, and 
will, therefore, not be discussed further at this 
point. 
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LETTERS TO THE EDITOR 


Prompt publication of brief reports of important discoveries in physics may be secured by 
addressing them to this department. Closing dates for this department are, for the first issue of the 
month, the eighteenth of the preceding month, for the second issue, the third of the month. Because of 
the late closing dates for the section no proof can be shown to authors. The Board of Editors does 
not hold itself responsible for the opinions expressed by the correspondents. 


Communications should not in general exceed 600 words in length. 


The Heat Capacity of Rochelle Salt 


Kobeko and Nelidow! and Rusterholz? have reported the 
existence of a rather large anomaly (~5 percent) in the 
heat capacity of Rochelle salt near its upper Curie point. 

The undersigned, working in the department of physics 
by the method of adiabatic electric heating and inde- 
pendently in the department of chemistry with a Nernst- 
type vacuum calorimeter, have made a careful investiga- 
tion of the heat capacity of Rochelle salt in a range 
including both Curie points. The absolute magnitudes of 
the heat capacity determined by the two methods agree 
within 0.3 percent. 

At the upper Curie point we have found very little 
indication of an anomaly and believe that if our samples 
possess one its amplitude is less than 0.5 percent of the 
total heat capacity. Fig. 1 shows a set of measurements 
made with the adiabatic calorimeter near the upper Curie 
point. Rusterholz’ curve, decreased by about 11 percent 
to make the absolute magnitudes agree, is superposed for 
comparison. 

At the lower Curie point both methods suggest a small 
anomaly with a maximum amplitude of somewhat less 


143 
14% 
& 141 





_~ ~~ 
33 











138 
> 1.37 
VY 136) 
435 
2° 22% «23 «24 2s®)—26* «—27" = 28°C 











p, Joules/gram 














1.24 





~ 
nn 
iy 
\ 
\ 
\ 























1.289,*.0034' 









~ 
ny 
_ 





Cp, Jjoules/gram °C. 
































-23° -22° -2/° -20° -19° -18° ~17° -/6° -15°C 


87 


than 1 percent. Fig. 2 shows the measurements made 
with the adiabatic calorimeter. 
Full reports of the separate investigations will be 
published shortly. 
A. J. C. WiLson 
J. F. G. Hicks 
J. G. HooLey 
Department of Physics (A. J. C. W.), 
Research Laboratory of Physical Chemistry, 
Massachusetts Institute of Technology, 


Cambridge, Massachusetts, 
June 12, 1938. 
1P,. P. Kobeko and J. G. Nelidow, Phys. Zeits. d. Sowjetunion 1, 
382 (1932). 
2A. A. Rusterholz, Helv. Phys. Acta 8, 39 (1935). 





Asymmetric Distribution of Protons from Deuteron- 
Deuteron Reaction 


We find that the distribution in the center of mass 
system of the protons from the deuteron-deuteron reaction 
is not symmetric with respect to a plane perpendicular to 
the direction of motion of the incident deuterons. More 
protons are ejected backward than forward. The asym- 
metry increases rapidly with energy, being just definitely 
perceptible at 200 kv,! whereas at 350 kv it amounts to 
13 percent. The observed distribution reduced to the 
center of mass system may be represented by 


100+-66.7 cos? 6+28.2 cos! @—1.1 cos 6—3.5 cos* @ 
at 200 kv and by 
100+63 cos? 6+62.3 cost @—2.85 cos @—12.7 cos’ 6 


at 350 kv. Scattering of the d-type is clearly evident at 
the higher energy and preliminary observations at 400 kv 
show it still increasing. 

The asymmetry appears to indicate the existence of a 
velocity dependent part of the nuclear forces, perhaps of 
the nature of a spin-orbit interaction.? 

These observations have been made with a thin target, 
deuterium gas at a pressure of about 1 mm Hg. The 
energy loss in such a target is of the order of 500 volts, 
so that the transformation to the center of mass system 
introduces no error. 

A, ELLETT 


R. D. Huntoon 
State University of lowa, 
lowa City, lowa, 
June 16, 1938. 


1 With thicker targets the asymmetry may be expected to be even 
less, and this may explain the failure of Kempton, Brown, and Maasdorp 
(Proc. Roy. Soc. A157, 386 (1936)), of Neuert (Physik. Zeits. 38, 122, 
618 (1937)) and of Haxby, Allen and Williams (Phys. Rev. 53, 921 
(1938)) to observe it. 

2 Various types of velocity dependence have been discussed by 
Breit (Phys. Rev. 51, 248 (1937); 51, 778 (1937); 53, 153 (1938)) and by 
Wheeler (Phys. Rev. 50, 643 (1936)). 
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Long-Lived Radioactive Silver 


Several reports of a long-lived activity induced in silver 
by slow neutrons have appeared recently. Mitchell refers! 
to a weak activity of about 3 months half-life: Alexeeva 
gives the figure 1.2 to 2.0 years? (amended in a private 
communication to 300+90 days); Reddemann and Strass- 
mann quote® a half-life equal to 190+40 days, with 
observations extending for 3 months, and have shown the 
activity to be chemically identifiable with silver, so that 
it must be ascribed to either Ag!®* or Ag™®, 
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Fic. 1. Decay of radioactive silver. 


We wish to add further confirmation to this neutron- 
induced activity and to give the half-life with somewhat 
greater precision, after having followed the decay for over 
a year. Our value is 225+20 days, as may be seen from 
Fig. 1. 

This research has been supported by the Research 
Corporation, the Chemical Foundation and the Josiah 
Macy Jr. Foundation. 

J. J. Livincoop 
G. T. SEABORG 
Radiation Laboratory, Dept. of Physics (J. J. L.), 
Dept. of Chemistry (G. T. S.), 
University of California, 
Berkeley, California, 
June 9, 1938. 


1A. C. G. Mitchell, Phys. Rev. 53, 269 (1938). 
2K. Alexeeva, Comptes Rendus U.R.S.S. 18, 553 (1938). 
3H. Reddemann and F. Strassmann, Naturwiss. 26, 187 (1938). 





Cosmic-Ray Particles of Intermediate Mass 


A Geiger-counter placed inside a cloud chamber and 
coupled by means of a coincidence circuit to a second 
counter placed above the chamber has been employed to 
increase the probability of observing cosmic-ray particles 
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near the ends of their ranges, and thus to provide informa- 
tion concerning the mass and stability properties of the 
particles of intermediate mass. One photograph obtained 
by this method showing a positively charged particle of 
Hp=1.7X105 gauss cm, which after traversing the counter 
emerges with an energy low enough for it to be brought 
to rest in the gas of the chamber, is of special interest and 
is reproduced in Fig. 1. 

The gas in the chamber consisted of } helium and 3 argon 
at a combined pressure of 1 atmosphere, which together 
with the alcohol vapor corresponds in stopping power to 
about 0.5 atmosphere of air. Partly for this reason and 
partly because of a lower light intensity used in these 
experiments the tracks are somewhat fainter than those 
normally obtained. The specific ionization of the particle 
of Fig. 1 before it traverses the counter, although not 
accurately measurable, is greater than that of a fast 
electron. 

Although four independent mass estimates can be made 
from the data provided by the photograph, the most 
accurate value is to be obtained merely from the initial 
Hp of the particle and the thickness of matter traversed 
before it comes to rest. Both of these quantities can be 
accurately measured; in particular the track is sharp and 
an accurate curvature measurement is possible. 

The details of the computation and a discussion of the 
errors of measurement will be deferred until the thickness 
of matter traversed has been accurately measured after 
breaking the counter. The uncertainty in the final estimate 
will probably lie more in the theoretical relation between 
energy loss and velocity than in the experimental measure- 
ments themselves. The final determination should be 
considerably more accurate than any so far made. From 
the best guess we can make at present as to the thickness 
of matter traversed in the counter, the mass appears to 
be about 240 electron-masses. The other three determina- 
tions of the mass, (1) by the relation between the specific 
ionization and the value of Hp for the upper portion of 
the track, (2) by the ionization and Hp below the counter, 
and (3) by the Hp and residual range below the counter, 
all give values consistent with the one above. The initial 
energy of the particle before it traverses the counter is 
10 Mev and the energy with which it emerges is about 
210,000 ev. It is perfectly clear that this particle cannot 
possibly have either electronic or protonic mass (see 
caption to Fig. 1). 

An interesting feature of the photograph is the fact that 
the particle is actually observed to come to rest in the gas 
of the chamber. No completely certain evidence of a 
subsequent disintegration can be found on the photograph. 
There are, however, three droplets which appear on the 
left-hand image, which is the direct view, and also on the 
right-hand mirror image. Stereoscopic observation shows 
that these droplets line up so as to indicate a short segment 
of an electron track emanating from the point in the gas 
at which the particle came to rest and directed toward the 
counter. Because of the relatively weak light used in these 
experiments electron tracks are very faint. These droplets 
may therefore indicate that the particle after coming to 
rest disintegrated by the emission of a positive electron. 
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» and Fic. 1. A positively charged particle of about 240 electron-masses and 10 Mev energy passes through 
the glass walls and copper cylinder of a tube-counter and emerges with an energy of about 0.21 Mev. The 
magnetic field is 7900 gauss. The residual range of the particle after it emerges from the counter is 2.9 cm 
f the in the chamber (equivalent to a range of 1.5 cm in standard air). It comes to rest in the gas and may dis- 
integrate by the emission of a positive electron not clearly shown in the photograph. It is clear from the 
kness following considerations that the track cannot possibly be due to a particle of either electronic or protonic 
after mass. Above the counter the specific ionization of the particle is too great to permit ascribing it to an 
electron of the curvature shown. The curvature of the particle above the counter would correspond to 
mate that of a proton of 1.4 Mev and specific ionization about 7000 ion-pairs/cm, which is at least 30 times 
greater than the specific ionization exhibited in the photograph. The curvature (e<—3 cm) of the portion 
ween of the track below the counter would correspond to an ene rgy of 7 Mev if the track were due to an electron. 
sure- An electron of this energy would have a specific ionization imperceptibly different from that of a usual 
6s high energy pé irticle which produces a thin track, and in addition it would have a range of at least 3000 cm 
d be in standard air instead of the 1.5 cm actually observed. Moreover if the particle had electronic mass and 
emerged from the counter with a velocity such that its specific ionization were great enough to correspond 
from to that exhibited on the photograph, its residual range (in standard air) would be less than 0.05 cm instead 
ness of the 1.5 cm observed. A proton of the curvature of the track below the counter would have an energy 
of only 25,000 ev and a range in standard air of less than 0.02 cm. 
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nter, The “intermediate mass’ hypothesis offered by the _ will be given elsewhere. 
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3 Blackett, Proc. Roy. Soc. A165, 11 (1938). 
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Search for an Excited State of the H* Nucleus 


Evidence for the existence of an excited state of the 
He? nucleus formed in the reaction 


H?+ H?—He®+ n! 


has been presented by Bonner! and by Baldinger, Huber 
and Staub.2 Difficulties encountered in accounting for 
such an excited state have been discussed by Share* and 
by Schiff.4 Since the short range forces between elementary 
particles are thought to be identical except for the Coulomb 
forces, one expects a similar excited state of the H® nucleus 


formed in the companion reaction 
H?+- He He+ Ht. 


We have looked for such an excited state of H® by searching 
for a lower energy group of protons in this reaction. We 
find no evidence for it. 

Both heavy ice and contamination targets were bom- 
barded with a magnetically resolved deuteron beam of 
120 to 160 kv. Protons were observed at 90° to the direction 
of the incident beam by means of a differential ionization 
scale-of-four”’ 


chamber, linear amplifier, and thyratron 
counter. The disintegration protons emerged from the 
target chamber through a thin collodion window (approx. 
0.15 cm stopping power) mounted on a grid of 19 holes 
each 0.05 cm in diameter confining the beam to a width 
of 0.35 cm at a distance of 11 cm from the target. Three 
collimating diaphragms, each 0.4 cm in diameter, were 
placed in the chamber to reduce scattering. Range measure- 
ments were obtained by using air up to about 5 cm stopping 
power, and rolled aluminum foils each of 1.14 cm air 
equivalent beyond this. Measurements were taken from 
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Fic. 1. Differential range curve of the protons from the reaction 
H? +H? 1b +H, 
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a minimum absorption determined by the presence of 
counts from H? of 1.6 cm range. 

The two halves of the differential ionization chamber 
were each 1 cm deep and were separated by an aluminum 
foil of 1.14 cm air equivalent. The construction of the 
chamber and the angular definition were such that all 
particles of sufficient energy to go through both halves of 
the chamber would cancel unless scattered in the front 
half of the chamber. To reduce this scattering, the usual 
grid over the opening to the chamber was replaced by 
seven parallel equally spaced 3 mil tungsten wires. The 
output of the linear amplifier was monitored continuously 
with a cathode ray oscillograph, and the thyratron counter 
was biased to count all pulses greater than a minimum of 
about three times the noise background. Protons which 
did not penetrate the collecting foil between the two 
halves of the chamber gave pulses approximately three 
times the size of the minimum counted. 

Data were taken first at 160 kv then at 120 kv with a 
contamination target. To improve the sensitivity addi- 
tional data were obtained at 120 kv with a heavy-ice 
target. Finally, in order to test the possibility of a resonance 
effect data were taken at 110 kv and with the unresolved 
ion beam falling on as thick a heavy-ice target as could 
be maintained. Particles were counted for intervals of one 
to five minutes depending on the counting rate. A fresh 
surface of heavy ice was deposited before counting at 
each point, and the constancy of the apparatus was 
checked by returning to the peak of the main group at 
frequent intervals. Resolved ion currents of 5 to Ilya 
were used, while the unresolved ion current was about 
50ua. In no case was a second group of protons observed, 
and under the worst conditions a group of five percent 
the intensity of the main group should have been easily 
detected. The data taken at 120 kv with the resolved 
beam and a heavy-ice target are shown in Fig. 1, where 
the abscissa is the total absorption from the target to the 
collection foil in the ion chamber. In this case, a group 
of two percent of the main group should have been readily 
observed. No great accuracy is claimed for the range 
measurement of the main group since no corrections were 
applied for possible thin spots in the foils, and since the 
chamber was too deep for precise range measurements. 

We wish to express our appreciation to Dr. Henry 
Primakoff for many helpful discussions. 

FRANK E. Myers 
LAWRENCE M. LANGER 
Department of Physics, 
New York University, 
University Heights, 


New York, N. Y., 
June 16, 1938. 
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The Theory of the Transverse Doppler Effect 


The ingenious and exceedingly precise observations 
made recently by Ives* on the spectrum of hydrogen 
canal rays verify a long standing prediction of the special 


theory of relativity—the prediction that the frequencies 
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of spectral lines will be found to vary with the velocity v 
of the particles producing them as (1—v?/c*)}. 

That this effect was to be expected could be shown by 
transforming the expression for the phase of a train of 
spherical light waves from the space-time coordinates of 
the reference frame in which the radiating particle was at 
rest to a second frame—that of the observer—with respect 
to which the first was moving with uniform velocity v. 
By this procedure it is found that the observer should 
perceive the ordinary Doppler effect with respect not to 
the ‘‘rest frequency” of the radiation vo, but with respect 
to a lower frequency vo’ =vo(1—v?/c?)*. For an observer 
looking at right angles to the particle’s velocity the 
ordinary Doppler effect vanishes, and this relativistic 
red shift should alone remain—hence the designation 
“transverse Doppler effect.” 

It is interesting, though not surprising perhaps, to find 
that the prediction might have been based equally well on 
the relativistic mechanics of photon emission. Consider 
an excited atom of total rest energy E;. Its rest mass is 
m,=E,/c?. In motion with velocity 1 its total energy is 
m,c?/(1—v,?/c?)! = E,/(1—8,")4. Suppose now that it ejects 
a photon of energy fy in transition to a lower state of 
total energy -,/(1—8,*)*. Conservation of energy requires 
that 

hy+ E2/(1—B*)!= E,/(1—8,")}. (1) 


Consider next the momenta. The initial momentum of 
the atom is m,v,/(1—8,")*=(E£,8:/c)/(1—8;*)*. After eject- 
ing the photon its momentum is (£282/c)/(1—8,*)? with 
components parallel and normal to » proportional, 
respectively, to cosy and sin y where y represents the 
angle between v; and v2. The corresponding components 
of the photon’s momentum are (hv/c) cos a and (hv/c) sin a, 
where a@ represents the angle between v; and the direction 
in which the photon has been ejected. The three vectors 
are in a plane, and conservation of momentum requires 
that 





E282/c iv E,B,/c 
G—eent , M"ae @) 
and 
E j 
ee sin sin a= 0. (3) 


If one uses these relations to eliminate B2 and y, and 
writes 8 for 8; one finds that 


v=vo(1 —6?)4/(1—8 cos a), 


where vo=[(Fi+2)/2E, ])(Ei:—E:2)/h. It may be noted in 
passing that this differs from the usual expression for the 
“rest frequency” by the factor (Z£i+£:2)/2E, (equal 
sensibly to one) which represents the fraction of the 
energy (E:— £2) carried off by the photon; the remainder 
appears as kinetic energy of the recoiling atom. 

The expression for v is identical with that obtained by 
the transformation of space-time coordinates. Rewritten 
in terms of wave-lengths it becomes 


A=Ao/(1—8?)4(1—8B cos a). 


If the particle approaches the observer along his line 
of sight, a=0 and A=Ai:=AoL(1—8)/(1+8)]}; if it re- 
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cedes from him along his line of sight a=x and \=), 
= dol (1+ 8)/(1—8) ]}*. The mean of these wave-lengths, 


(Ai + Az) /2 = Ao/(1 —B?)4. 


It is the prediction in this particular form which Ives 
has verified. 
C. J. Davisson 


Bell Telephone Laboratories, 
New York, New York, 
June 2, 1938. 


* Ives, Nature 141, 551 (1938). J. O. S. A., July 1938. 





Structure of Oxidized Silicon Film 


Electron diffraction photographs were obtained by the 
transmission of electrons (0.058 to 0.063A) through thin 
films of silicon. 

These films were obtained by condensing silicon vapor 
on a polished rocksalt surface. The vapor is obtained from 
silicon metal which is heated electrically in a thoria 
crucible placed in a vacuum container. Free films are 
obtained by dissolving the crystal base in water. 

The diffraction pattern obtained by this film consists of 
three diffused rings corresponding to (sin @/2)/A=0.12 
(strong), =0.29 (weak), =0.40 (medium), which are quite 
different from those of silicon crystal. This resu't, some- 
what similar to that of Maxwell and Mosley’s' on a fused 
silica film, can be discussed as scattering from amorphous 
SiO: as previously treated by Warren.? It may be concluded 
that a thin silicon film changes to an amorphous silica 
film by spontaneous oxidation in air. 

By heating the film at various temperatures ranging 
from 410 to 800°C the diffraction pattern changes as 
follows: 

(1) Intensity maxima of films after the heat treatment. 








Temp. Time 





(min.) (sin 0/2)/r 
410 3 0.13(st) 0.200 — 0.26(w) - — OAl(m) 
440 3 0.13(st) 0.20 0.24 0.26(w, 8) 0.29(w, 8) 0.34 O.41(m) 
515 3 0.13(st) 0.20 0.25(d) a — 0.39(m) 
615 3 0.13(st,s) 0.20 — — _ - ' 0.40(m) 
800 3 0.13(st,8) 0.19 — — — — 041(m) 

















Note: (st): strong. (st, 8): strong and sharp. (w): weak. (w, 8): weak and sharp. 
(m): medium. (d): diffuse and (doublet?). 


(2) Diffused ring at (sin 0/2)/A=0.13 becomes gradually 
sharper with the rise of the temperature of heat treatment. 

(3) Weak halos at (sin 6/2)/A=0.24, 0.26, and 0.34, 
appear only when it is heated at about 450°C and these 
halos can not be expected from Warren's model, but 
coincide with Shishacow’s* result if we allow an experi- 
mental error of +0.01. 

A more detailed account will be published elsewhere. 


Hrrost KAMOGAWA 
Research Laboratory, 
Tokyo Electric Company, 
Kawasaki, Japan, 
May 26, 1938. 
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2 B. E. Warren, Phys. Rev. 45, 657 (1934). 

3 Shishacow, Nature 136, 514 (1935); Comptes Rendus Acad. Sci. 
U.R.S.S. 1, 19 (1936). 
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Excited State of He? 


Recent experiments of Bonner! indicate the existence 
of a bound excited state of He? 1.9 Mev above the ground 
state. Since this is probably a P state, it involves inter- 
actions that are not determined by the normal state 
energies of the lightest nuclei or by existing data on 
scattering. It is therefore of considerable interest to see 
what information concerning the P interactions between 
like and unlike particles is implied by the existence of a 
P state of He* about 1.9 Mev above the ground state. 
It would seem a priori that there should be no excited 
state for a much larger distance above the ground state, 
since the saturation property of nuclear forces requires 
the interaction between two particles in an antisymmetric 
state to contribute much less to the binding than the 
interaction in a symmetric state. 

We shall try here to make this argument somewhat 
sharper by using the variational method to compute the 
energies of the normal state and the lowest group of excited 
states. We assume for the moment that many-body and 
spin-orbit forces are negligible. The interactions are then: 


V x(r) =((M+Ho-0')P"+W+He-e'}/(r), 
Ver(r)=(W'+Bo-o')J(r)+e/r, I(r) =exp (— 77"), 


where the @’s have unit amplitude; with y~!=2.25x«10-* 
cm, the conditions M+ W = —32.0, H+B=-—3.5, W’—3B’ 
= —21.4, all in Mev, insure agreement with data on the 
deuteron and on scattering.” As variational wave-functions 
we use: 

vo= (4a8/n*)3* exp (—aR?— Br’) -*E_, 

Yi = 28)x(4a8/n*)3/4 exp (—aR?—Br*) -*E,, 

¥2= 284x(4a8/n*)9* exp (—aR?— Br") -*E,, 

¥3 = 2atX (4a8/2")3/4 exp (—aR?—Br*) -*E_, 


where x is a cartesian component of r, which joins the two 
protons, X is a cartesian component of R, which joins the 
center of mass of the two protons with the neutron, and 
the ~’s are appropriate spin functions. Yo is the even 2S 
ground state, ¥; an odd ‘P excited state, and yz and ys 
odd ?P excited states. We treat the Coulomb energy as a 
perturbation throughout. The minimization of yo gives 
—5.7 for the ground state energy, as compared with the 
experimental value —7.6; this result is insensitive to the 
values of M, H, and W’, provided that M+W=—32.0, 
etc. The calculation of the energy of ¥; and the lower root 
of the second order secular equation, obtained from y2 
and ys, and by the use of the usual saturating forces 
(W=W’=0, B and H both of the order of —3.5), shows 
that these quantities have poorly defined minima and are 
never negative; for reasonable values of a and 8 they are 
both greater than +5. Now since the excited state indi- 
cated by experiment is well bound (3.5 Mev below the 
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continuum of deuteron plus proton) and since the varia- 
tional method gives good results for the ground state, 
we may hope that the same method with similar wave 
functions will work reasonably well for the excited state. 
Therefore it seems likely that the usual choice of force 
constants, which leads to a lowest excited state far up in 
the continuum, is incompatible with the existence of 
Bonner’s state.’ 

In order to show to what extremes it is necessary to go 
if one wishes to obtain an excited state at anywhere near 
the indicated place, the variational calculation was carried 
through for several sets of force constants, subject to 
the restrictions M+W=-—32.0, etc. The constants: 
M=+18.0, W=—50.0, H=—3.5, B=0.0, W’=—53.5, 
B’ = —10.7, satisfy these restrictions and give two bound 
excited, states: the *P at —3.7 (2.0 Mev above the com- 
puted ground state), and the lower ?P at —2.0 (3.7 Mev 
above the computed ground state); the other ?P state is 
far up in the continuum. Any significant decrease of —W 
or —W’ would raise both excited levels considerably. 
These force constants just avoid binding the 'P deuteron, 
and are not far from binding the *P deuteron and *P He?. 
Since they are in flagrant contradiction with the saturation 
requirement and would imply inacceptably large binding 
energies for nuclei such as He® and Li®, we cannot regard 
them as being correct. 

We have also investigated the possibility of accounting 
for the excited state in terms of a spin-orbit force of the 
form (@-r)(o’-r)J(r)/r2. (An interaction of this general 
form and of magnitude comparable to that of the (¢-o’) 
interaction is suggested by dynaton theories of nuclear 
forces.) However, it turns out that if saturating forces 
are used, the spin-orbit part of the interaction must be 
very much larger than the spin-spin part if the excited 
state is to be properly placed. This is contrary to the 
usual assumption that nuclear spin-orbit forces are small. 
We can thus conclude that an explanation of the position 
of Bonner’s state would require the existence of strong 
attractive interactions which do not manifest themselves 
in the normal states of the lightest nuclei or in scattering 
experiments, and which entail far-reaching modifications 
of the usual ideas concerning nuclear forces. 

It is a pleasure to thank Professor J. R. Oppenheimer 


and Dr. R. Serber for helpful discussion of this problem. 
L. I. Scuirr* 


California Institute of Technology, 
Pasadena, California, 
June 1, 1938. 
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